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t h e  p r e v i o u s  m e t h o d s  u s e d .  T he se  e a r l i e r  m e t h o d s  i n v o l v e  t h e
l o c a t i o n  o f  t h e  b o u n d a r y  o f  t h e  t wo  pha s e  e n v e l o p e  i n  t h e
p r e s s u r e  -  t e m p e r a t u r e  -  c o m p o s i t i o n  C.P-T-x)  s p a c e  by d e t e c -
3 Z 3 Zt i n g  some d i s c o n t i n u i t y  i n  x o r  x w h e r e  Z i s  t h e
m e a s u r e d  p r o p e r t y .
The d e n s i t i e s  o f  a r a n g e  o f  m e t h y l  e t h y l  k e t o n e  w a t e r  
m i x t u r e s  w h i c h  a r e  homogeneous  a t  a t m o s p h e r i c  p r e s s u r e  have  
been  d e t e r m i n e d  and t h e i r  c o m p r e s s i b i l i t i e s  m e a s u r e d  a t  t h r e e  
t e m p e r a t u r e s  and p r e s s u r e s  up t o  3 0 , 0 0 0  p s i .
The a p p l i c a b i l i t y  o f  a n um be r  o f  s i m p l e  s o l u t i o n s  o f  
t h e  G i bb s - D u h e m  e q u a t i o n  t o  t h e  o b s e r v e d  b e h a v i o u r  o f  t h i s  
b i n a r y  s y s t e m  has been e x a m i n e d  b u t  none was f o u n d  t o  d e s c r i b e  
t h e  s y s t e m ' s  e q u i l i b r i u m  and  v o l u m m e t r i c  b e h a v i o u r  a d e q u a t e l y .
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CHAPTER 1
A B r i e f  R e v i e w  o f  t h e  R e l e v a n t  P r e v i o u s  WorK on t h e  • 
S t u d y  o f  P a r t i a l l y  M i s c i b l e  L i q u i d  S y s t e m s
Chapter 1
A b r i e f  R e v i e w  o f  t h e - R e l e v a n t  P r e v i o u s  Wor k  -  The S t u d y  o f  
P a r t i a l l y  M i s c i b l e  L i q u i d  S y s t e m s .
1 . 1 .  E q u i l i b r i u m  Data
1 . 1 . 1 .  A t  A t m o s p h e r i c  P r e s s u r e
The phenomonen o f  p a r t i a l  m i s c i b i l i t y  i n  t h e  l i q u i d  p h a s e
has  been t h e  s u b j e c t  o f  c o n s i d e r a b l e  s t u d y  w h i c h  began  t o w a r d s
t h e  end o f  t h e  l a s t  c e n t u r y .  ,
The f i r s t  s t u d i e s  we re  c o n c e r n e d  w i t h  t h e  e f f e c t  o f
t e m p e r a t u r e  on m u t u a l  s o l u b i l i t y ,  A l e x e j e f f  ( 1 )  b e i n g  t h e  f i r s t
t o  c a r r y  o u t  s uc h  s t u d i e s .  He used  a v i s u a l  t e c h n i q u e  t o  d e t e r m i n e
t h e  o n s e t  o f  phase  s e p a r a t i o n  o r  c o m p l e t e  h o m o g e n V ty ,  a t e c h n i q u e
V
used by  many s u b s e q u e n t  w o r k e r s .  U s i n g  s i m i l a r  t e c h n i q u e s  
Rothmund ( 2 ) ,  soon a f t e r ,  s t u d i e d  t h i r t e e n  p a r t i a l l y  b i n a r y  
s y s t e m s ,  one o f  w h i c h . w a s  MEK/H20*  S i n c e  t h e n  t h e  1 i q u i d - 1 i q u i d  
e q u i l i b r i u m  d a t a  o f  many  p a r t i a l l y  m i s c i b l e  s y s t e m s  have been 
o b t a i n e d .  F r a n c i s  ( 3 )  l i s t s  o v e r  5000  p a r t i a l l y  m i s c i b l e  s y s t e m s ,  
1100  b e i n g  n o n - h y d r o c a r b o n  m i x t u r e s  w i t h  2000  e x h i b i t i n g  l o w e r  
c r i t i c a l  s o l u t i o n  t e m p e r a t u r e .  T h i s  c r i t i c a l  s o l u t i o n  t e m p e r a t u r e  
i s  l e s s  common t h a n  an u p p e r  c r i t i c a l  s o l u t i o n  t e m p e r a t u r e .  Many 
s y s t e m s  show s i g n s  o f  f o r m i n g  a l o w e r  c o n s o l u t e  p o i n t ,  b u t  t h e  
t w o  p h a s e s  f r e e z e  b e f o r e  t h e  p o i n t  i s  r e a c h e d .
1 . 1 . 2 .  A t  H i g h  P r e s s u r e
I n  1899 Kuenen ( 4 )  became p e r h a p s  t h e  f i r s t  t o  s t u d y  
t h e  e f f e c t  o f  e x t e r n a l  p r e s s u r e s  on p a r t i a l l y  m i s c i b l e  l i q u i d  
s y s t e m s .  W h i l e  s t u d y i n g  t h e  v a p o u r  -  l i q u i d  e q u i l i b r i u m  i n  t h r e e  
b i n a r y  s y s t e m s  w h i c h  a r e  f o r m e d  when e t h e r  i s  m i x e d  w i t h  e i t h e r
e t h a n o l ,  n - p r o p c \ n o l ,  o r  n - b u . t a n o l ,  he o b s e r v e d  t h e  a p p e a r a n c e
o f  two  l i q u i d  p h a s e s  n e a r  t h e
c r i t i c a l  t e m p e r a t u r e  o f  p u r e  e t h a n e .  He d e t e r m i n e d  t h e  
p r e s s u r e - d e p e n d e n e e  o f  t h e  l o w e r  c r i t i c a l  s o l u t i o n  
t e m p e r a t u r e  a t  c o n s t a n t  c o m p o s i t i o n  [ 3 T  ^ / 3 P ]  f o r  t h e s e
C X
s y s t e m s  and a l s o  f o r  m e t h a n o l - p r o  p a n e , m e t h a n o l - i s o p e n t a n e
and m e t h a n o l  -  e t h a n e .
The n e x t  i m p o r t a n t  c o n t r i b u t o r  was T i mmermans  who
began h i s  s t u d y  o f  l i q u i d  m i x t u r e s  a t  h i g h  p r e s s u r e s  i n
1 91 1 .  By 192 3 ,  when he p u b l i s h e d  a summary o f  t h i s  a s p e c t
o f  h i s  w o r k  ( 5 )  he had s t u d i e d  s i x t y - f i v e  l i q u i d  s y s t e m s
2
i n  t h e  p r e s s u r e  r a n g e  0-10.00 Kg/cm and had c l a s s i f i e d  them 
i n t o  f i v e  d i f f e r e n t  c a t e g o r i e s .
S i m i l a r  w o r k  was done by  Poppe ( 6 )  who o b t a i n e d  
[ 3 T  / 3 P ]  f o r  t w e n t y - n i n e - p a r t i a l l y  m i s c i b l e  l i q u i d  s y s t e m s
C X
u s i n g  p r e s s u r e s  up t o  100  a t m.
The l a s t  t wo  w o r k e r s  were  t h e  m a i n  c o n t r i b u t o r s  t o  t h i s
t o p i c .  More r e c e n t l y  H i l d e b r a n d  e t  a l * ( 7 )  f o u n d  [ 3 T  / 3 P ]c x
f o r  t wo  b i n a r y  l i q u i d  s y s t e m s ,  one c om p o n e n t  o f  e a c h  b e i n g  
a f l u o r o c a r b o n ,  and a l s o  f o u n d  t h a t  n e g a t i v e  a b s o l u t e  p r e s s u r e  
r a i s e d  t h e  u p p e r  c r i t i c a l  s o l u t i o n  t e m p e r a t u r e  l i n e a r l y .
Lowe r  c r i t i c a l  s o l u t i o n  t e m p e r a t u r e s  f o r  s i m p l e  1 i q u i d - 1 i q u i d  
s y s t e m s ,  e . g .  C H ^ / C g H ^ ,  we re  f i r s t  f o u n d  by  R o w l i n s o n  & 
D a v e n p o r t  ( 8 ) .  P r e v i o u s l y  o n l y  h y d r o g e n  b o n d i n g  s y s t e m s ,  
e . g .  E t ^N + H^O, had been f o u n d  t o  d i s p l a y  t h i s  ph e no me no n .  
T w e n t y - f o u r  s y s t e m s  were  i n v e s t i g a t e d  , one c o m p o n e n t  i n  
e ac h  b e i n g  l i q u i d  m e t h a n e .  Da t a  have  a l s o  been p r o v i d e d  by  
M y r es  (9 )  who f o u n d  c r i t i c a l  s o l u t i o n  t e m p e r a t u r e s  f o r  n i n e  
s y s t e m s  d u r i n g  h i s  s t u d i e s  i n  f l u o r o c a r b o n  c h e m i s t r y .
W o r k i n g  p r e s s u r e s  were  r a i s e d  s u b s t a n t i a l l y  by  W i n n i c k  &
Power s  C I O) , -  who,  w h i l e  s t u d y i n g  t h e  phase  s e p a r a t i o n  o f  t h e
a c e t o n e ~ C S 2  s y s t e m  ( n o r m a l l y  c o m p l e t e l y  m i s c i b l e  a t  
a t m o s p h e r i c  p r e s s u r e )  used  p r e s s u r e s  up t o  1 0 0 , 0 0 0  p s i  
a t  a t e m p e r a t u r e  o f  0 ° C .
Da ta  suc h  as t h e  above  have e n a b l e d  S c h n e i d e r  ( 1 1 )  
t o  t h o r o u g h l y  r e v i e w  t h e  p o s s i b l e  b e h a v i o u r  o f  l i q u i d  • 
m i x t u r e s  u n d e r  p r e s s u r e .  W h i l e  R o w l i n s o n  ( 1 2 ) ,  m a k i n g  use 
o f  b o t h  h i g h  p r e s s u r e  v a p o u r  l i q u i d  e q u i l i b r i u m  d a t a  and 
s o l i d ,  l i q u i d ,  v a p o u r  e q u i l i b r i u m  d a t a  has c l a s s i f i e d  
c o m p r e h e n s i v e l y  t h e  pha se  d i a g r a m s  o f  l i q u i d  m i x t u r e s  a t  
h i g h  p r e s s u r e .
The w o r k e r s  m e n t i o n e d  so f a r  a l l  used  o b s e r v a t i o n
o f  t h e  o n s e t  o f  o p a l e s c e n c e  t o  d e t e r m i n e  p h a s e  s e p a r a t i o n .
R e c e n t l y  Kanda ( 1 3 )  has  d e v i s e d  a me th od  by  w h i c h  d e n s i t y
i s  d y n a m i c a l l y  m e a s u r e d  as  a f u n c t i o n  o f  t e m p e r a t u r e ,  t h e
o n s e t  o f  i m m i s c i b i l i t y  b e i n g  i n d i c a t e d  by an i n f l e c t i o n  i n
t h e  d e n s i t y / t e m p e r a t u r e  c u r v e .  D e n s i t y / c o m p o s i t i o n  i s o t h e r m s
were  a l s o  us ed  t o  d e l i n e a t e  phase  b o u n d a r i e s .  The d y n a m i c
m e t h o d  was f o u n d  p a r t i c u l a r l y  s u i t a b l e  f o r  s y s t e m s  h a v i n g
a domed s o l u b i l i t y  c u r v e  whe re  a s m a l l  c han ge  i n  t e m p e r a t u r e
p r o d u c e s  t w o  w i d e l y  d i f f e r i n g  c o m p o s i t i o n s  and hence  d e n s i t y  
c h a n g e s .
V e r y  f e w  a t t e m p t s  have  been  made t o  o b t a i n  
l i q u i d - l i q u i d  s o l u b i l i t y  d a t a  by means o f  a d i r e c t  s a m p l i n g  
m e t h o d ,  b u t  i t  i s  t h i s  t e c h n i q u e  w h i c h  i s  b e g i n n i n g  t o  be 
u s e d  more w i d e l y .  F i r s t  t o  t a k e  s a m p l e s  f r o m  h i g h  p r e s s u r e  
s y s t e m s  i n  o r d e r  t o  v e r i f y  v i s u a l  o b s e r v a t i o n s  we re  E l g i n  & 
W i e n s t o c k  ( 1 4 ) .  F o r  a t o t a l  o f  26 t e r n a r y  l i q u i d  s y s t e m s ,
each  o f  w h i c h  s e p a r a t e d  i n t o  t w o  p h a s e s ,  t h e y  f i r s t  o b s e r v e d  
t h e  r e l a t i v e  p r o p o r t i o n  o f  e a c h  phase  a t  v a r i o u s  p r e s s u r e s .  
T h e i r  o b s e r v a t i o n s  were  t h e n  v e r i f i e d . b y  w i t h d r a w i n g  s a m p l e s  
o f  e ac h  l a y e r  i n t o  c a r t r i d g e s  i n s i d e  t h e  p r e s s u r e  v e s s e l .
The a p p a r a t u s  was t h e n  d i s m a n t l e d  t o  o b t a i n  t h e  s a m p l e s  
w h i c h  we re  t h e n  a n a l y s e d .  A l l  r e a d i n g s  we re  t a k e n  a t  15°C 
and t h e  maximum p r e s s u r e  e m p l o y e d  was 1000 p s i .
M e t h o d s  have now been d e v i s e d  w h i c h  e n a b l e  s a m p l e s  t o  
be w i t h d r a w n  f r o m  t h e  s y s t e m  by  means o f  v a l v e s ,  and 
d i s m a n t l i n g  o f  t h e  a p p a r a t u s  i s  u n n e c e s s a r y .  T h i s  i s  an 
o b v i o u s  i m p r o v e m e n t  s i n c e  d a t a  can  be o b t a i n e d  f a r  mo re  
q u i c k l y .  H o w e ve r ,  t h e  o n l y  w o r k  done  u s i n g  t h i s  m e t h o d  
has  been m a i n l y  on v a p o u r  -  l i q u i d  e q u i l i b r i u m .  F o r  e x a m p l e  
F l e c k  & P r a u s n i t z  ( 15 )  used  a m a g n e t i c  pump t o  c i r c u l a t e  
b o t h  g as  and l i q u i d  p h a s e s  f o r  t h e  s y s t e m s  e t h y l e n e / n - p r o p y 1 
a l c o h o l  and w a t e r / n - p r o p y l  a l c o h o l / e t h y l e n e .  The max imum 
p r e s s u r e  e m p l o y e d  was 1000 pcs^ i . and t h e  s a m p l e s  w e r e  
a n a l y s e d  by  g a s - l i q u i d  c h r o m a t o g r a p h y .  The t e r n a r y  s y s t e m  
i n v e s t i g a t e d  was D D e  o f  t h e  s y s t e m s  f i r s t  s t u d i e d  by  
E l g i n  & W i e n s t o c k  ( 1 4 )  and t h e  r e s u l t s  were  i n  r e a s o n a b l e  
a g r e e m e n t .
Mos t  r e c e n t l y -R o d g e r s  & P r a u s n i t z  ( 1 6 )  h a v e  i n v e s t i g a t e d  
t h e  v a p o u r - l i q u i d  e q u i l i b r i u m  o f  t h e  a r g o n - n e o p e n t a n e  s y s t e m ,  
a g a i n  w i t h d r a w i n g  s a m p l e s  o f  each  p ha se  and a n a l y s i n g  by means 
o f  g a s - l i q u i d  c h r o m a t o g r a p h y .  I n  t h i s  w o r k  t h e  max imum 
p r e s s u r e  was r a i s e d  t o  1000  a t m ,  and t h e  t e m p e r a t u r e  was i n  
t h e  r a n g e  - 5 0  t o  1 50 °C .
1.1.3. The NEK/H20 System at Atmospheric.Pressure
Da ta  f o r  t h i s 1 s y s t e m  a r e  a v a i l a b l e  f r o m  a t o t a l  o f  
13 s o u r c e s ,  many s e t s  o f  d a t a  r e s u l t i n g  f r o m  w o r k  i n  o t h e r  
f i e l d s  o f  p h y s i c a l  c h e m i s t r y .  As a r e s u l t  o n l y  a f e w  o f  
t h e s e  s e t s  c o v e r  t h e  c o m p l e t e  t e m p e r a t u r e  r a n g e  i n  w h i c h  
t h e  t wo  l i q u i d  p h a s e s  c o - e x i s t .  I n  f a c t  some w o r k e r s  o n l y  
s u p p l y  t h e  c o m p o s i t i o n s  a t  eac h  end o f  one t i e - l i n e .  Da ta  
o f  a l l  w o r k e r s  a r e  shown i n  F i g . ( 1 - 1 )
From 1 8 9 8 ,  when Ro thmund ( 2 )  f i r s t  s u p p l i e d  t h e s e  
d a t a ,  u n t i l  1932 when P a r k  & H o f f m a n  ( 2 0 )  used  a d i f f e r e n t  
a p p r o a c h ,  o n l y  a v i s u a l  me th o d  had been used  t o  p r o v i d e  
1 i q u i d - 1 i q u i d  e q u i l i b r i u m  d a t a  f o r  t h i s  s y s t e m .  D u r i n g  t h i s  
p e r i o d  Ro thmund  ( 2 )  and r n  t h e  same y e a r  B r u n i  ( 1 7 ) ,  
i n v e s t i g a t e d  t h i s  and o t h e r  b i n a r y  l i q u i d  s y s t e m s  w h i l e  
s t u d y i n g  t h e  e f f e c t  o f  t e m p e r a t u r e  on p a r t i a l  m i s c i b i l i t y .  
F u r t h e r  d a t a  were  s u p p l i e d  by  M a r s h a l l  ( 18 )  d u r i n g  h i s  
i n v e s t i g a t i o n  o f  t h e  v a r i o u s  p o s s i b l e  t y p e s  o f  v a p o u r  
p r e s s u r e  c u r v e s .  One p a i r  o f  p o i n t s  was s u p p l i e d  by  J o n e s  ( 1 9 )  
and a n o t h e r  p a i r - b y  P a r k  & H o f f m a n  ( 2 0 )  d u r i n g  t h e  l a t t e r s ’ 
s t u d y  o f  t h e  s u i t a b i l i t y  o f  a l i p h a t i c  k e t o n e s  a s  s o l v e n t s .
I n t e r e s t  i n  t h e  r e l a t i o n s h i p  b e t w e e n  m o l e c u l a r  s t r u c t u r e  
and s o l u b i l i t y  r e s u l t e d  i n  a f u r t h e r  t h r e e  p a i r s  o f  p o i n t s  
b e i n g  s u p p l i e d  by  G i n n i n g s ,  P l o n k  & C a r t e r  ( 2 1 ) . W h i l e  
i n v e s t i g a t i n g  t h e  use  o f  t h e  F i s c h e r  me thod  t o  d e t e r m i n e  
t h e  w a t e r  c o n t e n t  o f  o r g a n i c s ,  B e r k e n g e t m  ( 2 2 )  u sed  t h e  MEK/H2 0 
s y s t e m  as o ne  o f  h i s  s y s t e m s ,  t h u s  p r o v i d i n g  more  d a t a  and an 
i n d i c a t i o n  t h a t  t h i s  me th o d  was u n s u i t a b l e  f o r  t h e  a c c u r a t e  
a n a l y s i s  o f  w a t e r  i n  t h e  k e t o n e .  •
R a n d a l l  & McKenna ( 2 3 )  w o r k e d  on t h e  f r e e z i n g  
t e m p e r a t u r e s  o f  t h e  MEK/H2 0 s y s t e m  a t  v a r i o u s  c o m p o s i t i o n s .  
T he y  a l s o  p r o v i d e d  d a t a  f o r  t h r e e  t i e - l i n e s  i n  t h e  l i q u i d -  
l i q u i d  r e g i o n  b e l o w  0°C where  p r e v i o u s l y  o n l y  Ro thmund  ( 2 )  
had p r o v i d e d  d a t a .  A n a l y s i s  was made u s i n g  t h e  h y d r o x y l a m i n e  
m e t h o d  o f  M a r a s c o  ( 2 5 ) .
D o i n g  s i m i l a r  w o r k  t o  G i n n i n g s  e t  aX  ( 2 1 ) ,  E r i c k s e n  ( 2 6 )  
p r o v i d e d  t h r e e  f u r t h e r  p o i n t s  a t  t h e  same t e m p e r a t u r e s ,  and 
i n  1957 P a s q u i n e l l i  ( 2 7 )  p r o v i d e d  f o u r  more p o i n t s  d u r i n g  h i s  
w o r k  on t h e  use o f  e l e c t r i c  and m a g n e t i c  p r o p e r t i e s  o f  l i q u i d s  
t o  p r e d i c t  p a r t i a l  m i s c i b i l i t y .
I n  .1958 C a m p b e l l ,  K a r t z m a r k  & F a l c o n e r  ( 2 8 )  p r o v i d e d  
t h e  f i r s t  c o m p l e t e  d e m i x i n g  l o o p  s i n c e  Ro thmund  & B r u n i  a s  
p a r t  o f  t h e i r  w o r k  on t h e  t e r n a r y  s y s t e m  w a t e r - n i c o t i n e - M E K .  
C o m p o s i t i o n s  were  me as u r e d  by means o f  r e f r a c t i v e  i n d e x  and 
d e n s i t i e s  o f  t h e  s a m p l e s ,  b u t  n e a r  t h e  c r i t i c a l  p o i n t  a v i s u a l  
m e t hod  was u s e d .
F i n a l l y ,  i n  o r d e r  t o  c l e a r  up d i s c r e p a n c i e s  i n  t h e  d a t a  
t h a t  had a c c u m u l a t e d  up u n t i l  1 9 6 0 ,  S i e g e l m a n  8> Sorum ( 2 9 )  
p u b l i s h e d  f u r t h e r  d a t a  i n  t h e  t e m p e r a t u r e  r a n g e  7 . 5  -  88°C 
( o m i t t i n g  t h e  domed p o r t i o n  o f  t h e  c u r v e ) .  A t  t h e  l o w e r  end 
o f  t h e  t e m p e r a t u r e  r a n g e  t h e y  us ed  t h e  m e t h o d  due  t o  H i l l  ( 3 0 ) ,  
and a t  h i g h e r  t e m p e r a t u r e s ,  a v i s u a l  m e t h o d .
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FIGURE ( 1 - 1 )  The MEK/H2 0 s y s t e m  
v a r i o u s  w o r k e r s
e q u i l i b r u m  d a t a  o f
1.1.4. The MEK/H^O system at high pressure
Ti mmermans  ( 31 )  p u b l i s h e d  p a r t  o f  t h e  o n l y  a v a i l a b l e  
d a t a  i n  1911 .  T he se  were  o b t a i n e d  by  o b s e r v i n g  t h e  u p p e r  
and l o w e r  c r i t i c a l  s o l u t i o n  t e m p e r a t u r e s  o f  a m i x t u r e  o f  
known c o m p o s i t i o n  a t  d i f f e r e n t  p r e s s u r e s .  L a t e r  f o l l o w e d  
a more  c o m p l e t e  s e t  o f  d a t a  g i v i n g  t h e  u p p e r  and l o w e r  
c r i t i c a l  s o l u t i o n  t e m p e r a t u r e s  as  a f u n c t i o n  o f  p r e s s u r e  ( 5 ) .
The c o n s t a n t  c o m p o s i t i o n  d a t a  we re  i n  t h e  p r e s s u r e  
r a n g e  0 - 1 5 0  b a r s  and we re  a v a i l a b l e  f o r  f o u r  c o m p o s i t i o n s  
o n l y  i n  t h e  i m m e d i a t e  v i c i n i t y  o f  t h e  u p p e r  and l o w e r  c r i t i c a l  
s o l u t i o n  t e m p e r a t u r e s .  A l t h o u g h  t h e s e  p o i n t s  a r e  on t h e  
domed p o r t i o n  o f  t h e  d e m i x i n g  c u r v e  i t  i s  s t i l l  i m p o s s i b l e  
t o  o b t a i n  a n y  u s e f u l  t i e - l i n e  d a t a .  I n  t h e  s e c on d  se t -  o f  
d a t a  t h e  u p p e r  and l o w e r  c r i t i c a l  s o l u t i o n  t e m p e r a t u r e s  we re  
f o u n d  as f u n c t i o n s  o f  p r e s s u r e .  The c r i t i c a l  p r e s s u r e  was 
e s t i m a t e d  t o  be 1100  b a r s  a t  a t e m p e r a t u r e  o f  8f)GC.
1 . 2 .  C o m p r e s s i b i l i t y  Da ta
1 . 2 . 1 .  H i s t o r i c a l  I n t r o d u c t i o n
The f i r s t  e x p e r i m e n t s  a t  h i g h  p r e s s u r e  on  l i q u i d s  
c o n c e r n e d  t h e m s e l v e s  w i t h  a s c e r t a i n i n g  w h e t h e r  o r  n o t  w a t e r  
was c o m p r e s s i b l e .  I n  f a c t  t h e .  e a r l y  e x p e r i m e n t s  d u r i n g  t h e  
1 8 t h  and 1 9 t h  c e n t u r i e s  were  t o  i n v e s t i g a t e  t h e  v o l u m e  
c h a n g e s  o f  l i q u i d s  a t  d i f f e r e n t  p r e s s u r e s ,  and i n  1898 
Amagat  ( 3 2 )  p r o d u c e d  some o f  t h e  f i r s t  r e l i a b l e  c o m p r e s s i b i l i t i e s  
f o r  a number  o f  l i q u i d s  i n c l u d i n g  w a t e r .  /\ r e v i e w  t h e  
h i s t o r i c a l  d e v e l o p m e n t  o f  t h i s  w o r k  i s  w e l l  d i s c u s s e d  i n  
B r i d g m a n ' s  ( 33 )  b o o k .
I t  was B r i d g m a n  who d i d  so much t o  d e v e l o p  t h e
e x p e r i m e n t a l  t e c h n i q u e  r e q u i r e d  i n  t h i s  t y p e  o f  w o r k ,
d e v e l o p i n g  a p p a r a t u s  w h i c h  w o u l d  m e a s u r e  t h e  c o m p r e s s i b i l i t y  
o f  l i q u i d s ,  and a l s o  s o l i d s ,  up t o  p r e s s u r e s  o f  1 , 0 0 0 , 0 0 0  p s i .
1 . 2 . 2 .  A B r i e f  r e v i e w  o f  t h e  p r a c t i c a l  a s p e c t s  o f
p r e v i o u s  w o r k
B r i d g m a n ,  d u r i n g  t h e  c o u r s e  o f  h i s  w o r k ,  m e a s u r e d  
t h e  c o m p r e s s i b i l i t y  o f  many p u r e  l i q u i d s  ( 3 4 )  and s o l i d s  ( 3 5 ) ,  
and a l s o  t h e  c h a n g e  o f  many p h y s i c a l  p r o p e r t i e s  w i t h  p r e s s u r e  ( 3 6 ) .  
The l i q u i d  c o m p r e s s i b i l i t i e s  we re  m e a s u r e d  i n  a numbe r  o f  
d i f f e r e n t  ways a t  l e a s t  t wo  o f  w h i c h  had n o t  been us ed  
b e f o r e .  The p i s t o n  d i s p l a c e m e n t  m e t h o d  i n v o l v e d  t h e  s am p l e  
b e i n g  c o n t a i n e d  i n  a c e l l  i n t o  whi .ch a v e r y  n a r r o w  d i a m e t e r  
r o d  w o u l d  s l i d e  t h r o u g h  a g l a n d  w h i c h  was as  l e a k - t i g h t  as  
p o s s i b l e .  On c o m p r e s s i o n  o f  t h e  s amp l e  t h e  f r e e  s pa ce  so 
f o r m e d  was t a k e n  up by  t h e  r o d  m o v i n g  i n .  S i n c e  t h e  d i a m e t e r  
o f  t h e  r o d  was s m a l l ,  t h e  movement  o f  t h e  r o d  was l a r g e .
Ho w ev e r ,  t h e  p r e v e n t i o n  o f  t h e  l e a k s  a r o u n d  t h e  g l a n d  was 
i m p o s s i b l e  and t h e  a c c u r a c y  r e d u c e d .  The o t h e r  m e t h o d  was t o  
c o n t a i n  t h e  samp l e  i n  a v e s s e l  such  t h a t  on c o m p r e s s i o n  o n l y  
one o f  i t s  c h a r a c t e r i s t i c  d i m e n s i o n s  w o u l d  a l t e r .  F o r  t h i s + '
p u r p o s e  B r i d g m a n  used  e i t h e r  a c y l i n d e r  c o n t a i n i n g  an  a c c u r a t e l y  
g r o u n d  p i s t o n  o r  a f o r m  o f  b r a s s  b e l l o w s .  The c h a n g e  i n  
d i m e n s i o n  on c o m p r e s s i o n  was m e a s u r e d  by means o f  a s l i d e w i r e ,  
a t t a c h e d  t o  t h e  s amp le  h o l d e r ,  w h i c h  moved p a s t  a c o n t a c t .  A 
known c u r r e n t  was pas se d  a l o n g  t h i s  w i r e  so t h a t  t h e  c h a n g e  i n  
v o l t a g e  c o r r e s p o n d e d  t o  t h e  c h a n g e  i n  v o l u m e  o f  t h e  s a m p l e .
T hu s  a c o n t i n u o u s  me th o d  o f  c o m p r e s s i b i l i t y  m e a s u r e m e n t  was 
d e v i s e d .
L i q u i d  c o m p r e s s i b i l i t i e s  have been m e a s u r e d  by means 
o f  p i e z o m e t e r s  by  s e v e r a l  w o r k e r s .  One o f  t h e  f i r s t  was t h a t  
o f  R i c h a r d s  .& C h a d w e l l  ( 3 7 )  who f o u n d  t h e  c o m p r e s s i b i l i t y  o f  
p u r e  w a t e r ,  an a l c o h o l ,  e t h y l  e t h e r ,  benzene and m e t h y l  
a c e t a t e ;  and a l s o  b i n q r y  m i x t u r e s  o f  t h e s e  l i q u i d s  i n  t h e  
p r e s s u r e  r a n g e  100 t o  300 b a r  and a t  a t e m p e r a t u r e  2 0 ° C .  
The a p p a r a t u s  c o n s i s t e d  o f  a g l a s s  p i e z o m e t e r  w i t h  an 
e l e c t r i c a l  c o n t a c t  r e a c h i n g  a l m o s t  t o  t h e  b o t t o m  o f  t h e  
c a p i l l a r y .  Some m e r c u r y  was p l a c e d  i n  t h e  p i e z o m e t e r  and 
p r e s s u r e  a p p l i e d  u n t i l  t h e  c o n t a c t  was b r o k e n .  Then more 
m e r c u r y  was added  and t h e  p r o c e s s  r e p e a t e d  and  so o n .  The 
m e r c u r y  was t h e n  r e p l a c e d  w i t h  t h e  l i q u i d  u n d e r  t e s t  and 
t h e  p r o c e s s  r e p e a t e d .  Thus  t h e . c o m p r e s s i b i l i t y  o f  t h e  
l i q u i d  r e l a t i v e  t o  t h a t  o f  m e r c u r y  was f o u n d .
Adams (38).. ,  d u r i n g  h i s  w o r k  on t h e  c o m p r e s s i b i l i t y  o f  
v a r i o u s  s a l t  s o l u t i o n s  i n  w a t e r ,  us ed  a p i e z o m e t e r  w h i c h  had 
a c a p i l l a r y  r i s i n g  f r o m  t h e  base  and i n t o  t h e  b o d y  o f  t h e  
p i e z o m e t e r .  The p i e z o m e t e r  was f i l l e d  w i t h  l i q u i d  and s e a t e d  
i n  m e r c u r y .  As t h e  f l u i d  was c o m p r e s s e d  t h e  m e r c u r y  r o s e  up 
t h e  c a p i l l a r y  and c o l l e c t e d  i n  t h e  b o t t o m  o f  t h e  p i e z o m e t e r .  
Thus  t h e  v o l u m e  c h a n g e  was g i v e n  by  t h e  v o l u m e  o f  m e r c u r y  
c o l l e c t e d .
The m e t h o d  o f  G i b s on  & L o e f f l e r  ( 3 9 )  was s i m i l a r  t o  t h a t  
o f  Adams e x c e p t  t h a t  t h e  m e r c u r y  r i s i n g  up t h e  c a p i l l a r y  was 
o b s e r v e d  by means o f  a m i c r o s c o p e .  The a c c u r a c y  o f  t h e  
c o m p r e s s i b i l i t y  m e a s u r e m e n t s  was t h u s  i m p r o v e d  s i n c e  t h e  
d i s a d v a n t a g e  o f  A d a m ' s  m e t h o d  ( whe r e  o n l y  w h o l e  d r o p s  o f  
m e r c u r y  we re  m e a s u r e d  w h i l e  p a r t - d r o p s  a d h e r i n g  t o  t h e  . endu  
o f  t h e < I c a p i  1 l a r y  we re  u n d e t e c t e d )  was a v o i d e d .
A d i f f e r e n t i a l  t r a n s f o r m e r  m e t h o d  has  been u sed  by  
D o o l i t t l e  e t  a l ,  ( 40 )  t o  m e a s u r e  t h e  c o m p r e s s i b i l i t y  o f  
n - a l k a n e s  i n  t h e  t e m p e r a t u r e  r a n g e  2 D - 3 0 0 ° C  and p r e s s u r e s  
up t o  4 00 0  b a r .  The s a m p l e  was c o n t a i n e d  i n  a s t a i n l e s s  
s t e e l  p i e z o m e t e r  0 . 0 8 7 "  d i a m e t e r  and 1 9 "  l o n g ,  s e a l e d  a t  
t h e  l o w e r  end by m e r c u r y .  A p i e c e  o f  i r o n  f l o a t e d  on t o p  
o f  t h e  m e r c u r y  s e a l .  The p o s i t i o n  o f  t h i s  f l o a t  c o u l d  be 
l o c a t e d  by  means o f  d i f f e r e n t i a l  t r a n s f o r m e r s  and hence  
t h e  v o l u m e  c h a n g e  was d e d u c e d .  The r e s u l t s  o b t a i n e d  by  
t h i s  m e t h o d  were  c l a i m e d  t o  be a c c u r a t e  t o  f o u r  p a r t s  i n  
1 0 0 0 0 .  B o e l h o w e r  ( 4 1 )  m e a s u r e d  t h e  c o m p r e s s i b i l i t y  o f  
n - a l k a n e s  by  u s i n g  a c o m b i n a t i o n  o f  B r i d g m a n ’ s b e l l o w s  and 
D o o l i t t l e ’ s d i f f e r e n t i a l  - t r a n s f o r m e r . The l i q u i d  was 
c o n t a i n e d  i n  t h e  b e l l o w s  w h i c h  we re  a t t a c h e d ,  by means o f  
a w i r e ,  t o  a p i e c e  o f  i r o n .  The movement  o f  t h i s  i r o n ,  on 
c o m p r e s s i o n  o f  t h e  l i q u i d ,  was m e a s u r e d  by means o f  a 
d i f f e r e n t i a l  t r a n s f o r m e r .
E d u l j e e ,  N e w i t t  & Weale  ( 4 2 )  f o u n d  t h e  c o m p r e s s i b i l i t y  
o f  p u r e  l i q u i d s  and t h e i r  m i x t u r e s  by  means o f  a p i e z o m e t e r  
w h i c h  c o u l d  m e a s u r e  c o m p r e s s i b i l i t y  u s i n g  a " d i g i t a l "  f o r m  
o f  r e s i s t a n c e  i n d i c a t o r .  The p i e z o m e t e r  was a g l a s s  t u b e ,  
c l o s e d  a t  one e n d ,  and r e d u c i n g  t o  a s m a l l e r  d i a m e t e r  a t  t h e  
o t h e r .  I n s i d e  t h e  s m a l l e r  d i a m e t e r  p o r t i o n  was a h i g h  
r e s i s t a n c e  w i r e  w i t h  p l a t i n u m  c o n t a c t s  s o l d e r e d  a t  i n t e r v a l s  
a l o n g  i t .  The p i e z o m e t e r  was f i l l e d  w i t h  t h e  l i q u i d  u n d e r  
t e s t  and i n v e r t e d ,  t h e  open  end  b e i n g  i m me rs e d  i n  a 
r e s e v o i r  o f  m e r c u r y .  C o m p r e s s i o n  o f  t h e  l i q u i d  c a u s e d  t h e  
m e r c u r y  t o  r i s e  up t h e  p i e z o m e t e r  c a u s i n g  s t e p  c h a n g e s  i n  
t h e  m e a s u r e d  c u r r e n t .
1 . 2 . 3 .  A v a i l a b l e  E q u a t i o n s  o f  S t a t e  f o r  L i q u i d  C o m p r e s s i b i l i t i e s
a ) The T a i t  E q u a t i o n  
The m o s t  w e l l  known e q u a t i o n ,  and one t h a t  has  been  t h e  
m o s t  w i d e l y  u s e d ,  i s  t h a t  due  t o  T a i t  ( 4 3 ) .  I t s  m o s t  common 
f o r m  i s :
r a v j  3 1 . 2 - 1
“ a p J T ~ l + p
w h i c h  on i n t e g r a t i o n  becomes :
V
(L+P o
L+P 1 . 2 - 2
A l t h o u g h  e q u a t i o n  ( 1 . 2 - 1 )  had no o r i g i n a l  t h e o r e t i c a l  
j u s t i f i c a t i o n , i t  was o f  t h e  f o r m  w h i c h  b e s t  f i t t e d  t h e  
e x p e r i m e n t a l  v a l u e s  o f  t h e  c o m p r e s s i b i l i t y  o f  sea w a t e r  
m e a s u r e d  by  T a i t  on h i s  v o y a g e .  G i n n e l l  ( 4 4 )  has
i
p r o d u c e d  a t h e o r e t i c a l  d e r i v a t i o n  o f  e q u a t i o n  ( 1 . 2 - 2 ) .
I t s  d e r i v a t i o n  made use  o f  a s s o c i a t i o n  t h e o r y  and  f r o m  t h e  
e q u a t i o n  f o r  t h e  c o n s t a n t s ,  t h e  v o l u m e  o f  h o l e s  i n  a l i q u i d  
c o u l d  be c a l c u l a t e d .
I t  was Wohl  ( 4 5 ) w h o  f i r s t  d e v i s e d  a m e t h o d  o f  
e v a l u a t i n g  t h e  T a i t  c o n s t a n t s  f o r  v a r i o u s  l i q u i d s ,  f i n d i n g  
t h a t  J was i n d e p e n d e n t  o f  t e m p e r a t u r e .  B o t h  Wohl  and C a r l  ( 4 6 )  
f o u n d  t h a t  t h e  T a i t  e q u a t i o n  f i t t e d  w e l l  t h e  c o m p r e s s i b i l i t y  
d a t a  o f  w a t e r  f o u n d  by B r i d g m a n  ( 4 7 )  and  Amagat  ( 3 2 ) .
G i b s o n  e t  a l  ( 4 8 )  f i t t e d  T a i t ' s  e q u a t i o n  t o  A d a m ' s  ( 3 8 )  
w a t e r  d a t a  and t h e  v a l u e s  f o u n d  f o r  L and 3 a t  2 5 GC when 
s u b s t i t u t e d  i n t o  e q u a t i o n  ( 1 . 2 - 2 )  g i v e :
-AV = 0 . 3 0 7 1  I n  ( 2 .  923 + P) -  0 . 1 4 3 0  ( 1 . 2 - 2 a )
The units of pressure were kilobars.
A p a r t  f r o m  w a t e r  t h e  T a i t  e q u a t i o n  has been used  f o r  many 
p u r e  h y d r o c a r b o n s  and m i x t u r e s  o f  h y d r o c a r b o n s  ( 3 9 )  ( 42 )  ( 4 9 ) .
I n  a l l  c a s e s  t h e  v a l u e  o f  3 k e p t  c o n s t a n t  f o r  t h e  c l a s s  o f  
m i x t u r e s  b e i n g  s t u d i e d .
b ) The H u d l e s t o n  E q u a t i o n  ( 50 )
T h i s  e q u a t i o n  was based  on an i n t e r m o l e c u l a r  f o r c e  l a w  
o f  t h e  f o r m :
f  *? a (1 - 1  ) e x p  (1 - 1 )  ( 1 . 2 - 3 )o r  o
w h e r e :
f  = f o r c e  b e t we e n  m o l e c u l e s
1 = d i s t a n c e  b e t w e e n  m o l e c u l a r  c e n t r e s
1 = d i s t a n c e  a t  w h i c h  m o l e c u l e s  have no e f f e c t  on
r • o
e a c h  o t h e r ,  
a = e m p i r i c a l  c o n s t a n t
I f  t h e  d i s t a n c e s  b e t w e e n  t h e  f o r c e  c e n t r e s  a r e  w r i t t e n
1 / 3  2 / 3as  p r o p o r t i o n a l  t o  v and t h e  f o r c e  as  p r o p o r t i o n a l  t o  v . P,
t h e n  t h e  e q u a t i o n  becomes :
r 2 / 3 D / f  1 / 3  1 / 3 % n a . n r  1 / 3  1/3% r n o /i il o g L v  P / ( (v  - v  )J = A + B ( v  - v  ) ( 1 . 2 - 4 )o o
w h e r e :
v q = s p e c i f i c  v o l u m e  a t  a t m o s p h e r i c  p r e s s u r e  
v = s p e c i f i c  v o l u m e  a t  p r e s s u r e  P 
A & B = c o n s t a n t s
A p l o t  o f  t h e  r i g h t  hand s i d e  o f  e q u a t i o n  ( 1 . 2 - 4 )
1 / 3  1 / 3v e r s u s  ( v q - v  ) r e s u l t s  i n  a s t r a i g h t  l i n e  i f  H u d l e s t o n ’ s 
e q u a t i o n  a p p l i e s .
T h i s  p r o c e d u r e  was used  by  C u t l e r  e t  a l . ( 4 9 )  on t h e  
c o m p r e s s i b i l i t y  d a t a  o f  t h i r t e e n  h y d r o c a r b o n s .  F o r  e a c h  
l i q u i d  s t r a i g h t  l i n e  p l o t s  o f  e q u a l  s l o p e  w e r e  o b t a i n e d  ( i . e .  
a c o n s t a n t  v a l u e  o f  B) and d i f f e r e n t  v a l u e s  o f  A. S i m i l a r  
w o r k  has  been done by  D o o l i t t l e  f o r  a numbe r  o f  n - a l k a n e s
and t h e  t e m p e r a t u r e  d e p e n d a n c e  o f  t h e  H u d l e s t o n  p a r a m e t e r s  
a l s o  f o u n d .
c )  M a c D o n a l d ' s  R e v i e w
I n  a r e v i e w  o f  e x p e r i m e n t a l  and t h e o r e t i c a l  e q u a t i o n s  
o f  s t a t e ^  Mac Don a l d  ( 5 1 )  c om p a r e d  f o u r  d i f f e r e n t  p o l y n o m i a l  
e q u a t i o n s  and s even  n o n - l i n e a r  e q u a t i o n s  ( a l l  a p p l i c a b l e  t o  
s o l i d s  and l i q u i d s ) b o t h  t h e o r e t i c a l l y  and a n a l y t i c a l l y . T h e  
e q u a t i o n s  c o n s i d e r e d  i n c l u d e d  t h o s e  o f  T a i t ,  M u rn a gh a n  ( 5 2 ) ,  
and D a v i s  & Gordon  ( 5 3 )  ( t h i s  l a s t  was used  t o  c o r r e l a t e  
t h e  c o m p r e s s i b i l i t y  o f  m e r c u r y ) . A l l  t h e s e  e q u a t i o n s  we re  
t e s t e d  on t h e  a v a i l a b l e  c o m p r e s s i b i l i t y  d a t a  o f  w a t e r  and  
m e r c u r y .  F o r  w a t e r  MacDona ld  d e c i d e d  t h a t  t h e  d a t a  were  
b e s t  r e p r e s e n t e d  by a p o l y n o m i a l ,  r a t h e r  t h a n  one o f  t h e  
n o n - l i n e a r  e q u a t i o n s ,  a t  l e a s t  o v e r  a l i m i t e d  p r e s s u r e  
r a n g e .  The T a i t  e q u a t i o n  d i d  n o t  r e p r e s e n t  t h e  d a t a  w e l l .  
The m e r c u r y  d a t a  was n o t  r e p r e s e n t e d  v e r y  w e l l  by  a n y  o f  t h e  
e q u a t i o n s  c o n s i d e r e d .
d)  H a y w a r d ' s  R e v i e w
I n  a s t u d y  o f  c o m p r e s s i b i l i t y  e q u a t i o n s  f o r  l i q u i d s ,
Ha ywa r d  ( 5 4 )  showed t h a t  t h e  e q u a t i o n  c om mo n l y  known as  t h e
T a i t  e q u a t i o n  ( 1 . 2 - 1 )  was n o t  t h a t  o r i g i n a l l y  p r o p o s e d  by
T a i t ,  w h i c h w a s :
V -V
0 p -  k n  2 - 5  1
PV 7T+P 1 Jo
The r e c i p r o c a l  o f  e q u a t i o n  ( 1 . 2 - 5 ) ,  when r e a r r a n g e d ,  
g i v e s  t h e  l i n e a r  s e c a n t - m o d u l u s  e q u a t i o n ,  as  us ed  by  
K l a u s  & O’ B r i e n  ( 5 5 ) .
Hayward  shows how t h e  e q u a t i o n s  o f  T u m l i r z  ( 5 6 )  and
Tamman ( 57 )  a r e  o f  t h e  i d e n t i c a l  f o r m  t o  e q u a t i o n  ( 1 . 2 - 6 ) ,
and a l s o  t h a t  t h e  H u d l e s t o n  and  M a cDon a l d  e q u a t i o n s  a r e
e f f e c t i v e l y  o f  t h e  same f o r m  as  e q u a t i o n  ( 1 . 2 - 5 ) ,  s i n c e
a l l o w i n g  f o r  e x p e r i m e n t a l  e r r o r ,  t h e  p r e d i c t e d  v a l u e s  a r e
t h e  same,  a nd  a r e  b o t h  a s y m p t o t i c  w i t h '  e q u a t i o n  ( 1 . 2 - 5 )  a t
P = 0 .  He a l s o  d e m o n s t r a t e s  how e q u a t i o n  ( 1 . 2 - 5 )  w e l l
r e p r e s e n t s  t h e  c o m p r e s s i b i l i t y  o f  w a t e r  up t o  12 k b a r .  A t
h i g h e r  p r e s s u r e s  a l l  t h e  c o m p r e s s i b i l i t y  d a t a  on w a t e r
w i l l  f i t  e q u a t i o n  ( 1 . 2 - 3 )  i f  K i s  m o d i f i e d :
2
K = K + mP-nP ( 1 . 2 - 7 )
F o r  o r g a n i c  l i q u i d s  an e q u a t i o n  o f  t h e  f o r m  o f  e q u a t i o n  
( 1 . 2 - 8 )  w i l l  r e p r e s e n t  i t s  c o m p r e s s i v e  p r o p e r t i e s  up t o  
12 k b a r .
_ 2 3
K = K + mP-nP +qP ( 1 . 2 - 8 )
whe re  K m, n and  q a r e  c o n s t a n t .
1 . 2 . 4  P r e v i o u s  E x p e r i m e n t a l  Work
a ) P u r e  L i q u i d s  
A f t e r  a p p r o x i m a t e l y  t w o  c e n t u r i e s  o f  o c c a s i o n a l  
e x p e r i m e n t s  on l i q u i d  c o m p r e s s i b i l i t y  ( 3 3 )  t h e  f i r s t  w o r k e r  
t o  s e t  a b o u t  t h e  t a s k  m e t h o d i c a l l y  was Amaga t  ( 3 2 )  who 
d e t e r m i n e d  t h e  c o m p r e s s i b i l i t y  o f  t w e l v e  l i q u i d s  i n  t h e  
p r e s s u r e  r a n g e  0 - 3 0 0 0  atm- I t  i s  h i s  v a l u e s  f o r  t h e
c o m p r e s s i b i l i t y  o f  w a t e r  w h i c h  a r e  g e n e r a l l y  a c c e p t e d  a s  t h e  
m o s t  a c c u r a t e  o f  t h e  e a r l y  a t t e m p t s  ( 5 4 )  a l t h o u g h  r e l a t i v e l y  
s m a l l  i n  n u m b e r .  T h i s  c e n t u r y  B r i d g m a n  has c a r r i e d  o u t  b y  
f a r  t h e  m o s t  e x t e n s i v e  s t u d y  o f  t h e  s u b j e c t ,  m e a s u r i n g  l i q u i d  
c o m p r e s s i b i l i t i e s  o f  82 p u r e  l i q u i d s  a t  v a r i o u s  t e m p e r a t u r e s  
and p r e s s u r e s  up t o  5 0 , 0 0 0  a t m .  A l l  h i s  r e s u I t s , e x c e p t
one ,  a r e  p u b l i s h e d  i n  t h e  P r o c e e d i n g s  o f  t h e  A m e r i c a n  
Academy o f  A r t s  and S c i e n c e  and a r e  a l l  c o m p r e h e n s i v e l y  
l i s t e d  by  Hamann ( 5 8 ) .
G i b s o n  & L o e f f l e r  ( 3 9 )  f o u n d  t h e  c o m p r e s s i b i l i t y  o f  
ben z en e  and f o u r  o f  i i s  d e r i v a t i v e s  a t  p r e s s u r e s  up t o  
1000  b a r s .  The T a i t  e q u a t i o n  was f i t t e d  f o r  e ac h  l i q u i d ,  
t h e  v a l u e  o f  3 b e i n g  k e p t  c o n s t a n t  a t  0 . 2 1 5 9 .
The c o m p r e s s i b i l i t i e s  o f  n - h e x a n e ,  n - h e p t a n e  and
n - o c t a n e  have  been m e a s u r e d  by E d u l j e e ,  N e w i t t  & Wea le  ( 4 2 )
a t  p r e s s u r e s  up t o  5000 a t m .  and v a r i o u s  t e m p e r a t u r e s .  The
T a i t  e q u a t i o n  was f i t t e d  w i t h  J k e p t  c o n s t a n t  a t  0 . 2 1 7 2 .
B o e l h o u w e r  ( 4 1 )  f o u n d  t h e  r e l a t i v e  v o l u m e s  o f  f i v e  a l k a n e s
i n  t h e  t e m p e r a t u r e  r a n g e  3 0 - 1 2 0 ° C  and p r e s s u r e s  up t o  
2
1 2 0 0 k g / c m  , and f o u n d  t h a t  t h e  H u d l e s t o n  e q u a t i o n  r e p r e s e n t e d  
t h e  r e l a t i v e  v o l u m e s  w e l l .  C u t l e r  e t  a l  ( 4 9 )  f o u n d  t h a t  b o t h
t h e  T a i t  and H u d l e s t o n  e q u a t i o n s  f i t t e d  w e l l  t h e i r
c o m p r e s s i b i l i t y  d a t a  o f  t h e  t h i r t e e n  h y d r o c a r b o n s  t h a t  t h e y  
s t u d i e d  a t  p r e s s u r e s  up t o  1000  b a r s . w h e n  f i t t i n g  t h e  T a i t  
e q u a t i o n  t h e  v a l u e  o f  3 was n o t  k e p t  c o n s t a n t  a s  p r e v i o u s l y  
done by  o t h e r  w o r k e r s  ( 4 2 )  ( 4 9 )  b u t  was made a f u n c t i o n  o f
t h e  l i q u i d  v o l u m e  a t  a t m o s p h e r i c  p r e s s u r e .  The r e l a t i o n s h i p  
was 3 = 0 . 2  0 5 8 V
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b)  L i q u i d  M i x t u r e s
( i ) N o n - A q u e o u s  M i x t u r e s
E d u l j e e ,  N e w i t t  and Wea le  ( 4 2 )  c a r r i e d  o u t  
c o m p r e s s i b i l i t y  s t u d i e s  on b i n a r y  and t e r n a r y  m i x t u r e s  o f  
t h e  same a l k a n e s  w h i c h  t h e y  s t u d i e d  i n  t h e  p u r e  s t a t e .
The c o m p r e s s i b i l i t y  o f  a n i l i n e - b e n z e n e ,  
a n i l i n e - c h l o r o b e n z e n e  and a n i l i n e - n i t r o b e n z e n e  m i x t u r e s  
we re  f o u n d  by  G i b s o n  and  L o e f f l e r  ( 3 9 )  i n  o r d e r  t o  a s c e r t a i n  
w h e t h e r  t h e  c o m p r e s s i b i l i t y  o f  l i q u i d  m i x t u r e s  was an 
a d d i t n ^ i v e  p r o p e r t y  o f  t h e  p u r e  c o m p o n e n t s .  S i m i l a r  
e x p e r i m e n t s  have been done  by  N e w i t t  & Weale  ( 5 9 )  on 
c h l o r o f o r m - a c e t o n e  and e t h a n o l - p r o p a n o l  and a l l  we re  f o u n d  
l i n e a r  i n  m o l e  f r a c t i o n ,  e x c e p t  a n i l i n e - b e n z e n e  w h i c h  
showed n e g a t i v e  d e v i a t i o n s  f r o m  l i n e a r i t y .
( i i ) Aq ueou s  M i x t u r e s
The c o m p r e s s i b i l i t y  o f  a q u e o u s  i n o r g a n i c  s a l t  s o l u t i o n s  
has  been s t u d i e d  by  Adams ( 3 8 ) ,  who s t u d i e d  t h e  N a C l / h ^ O  
s y s t e m ,  and G i b s o n  and  L o e f f l e r  who o b t a i n e d  d a t a  on many 
a q u e o u s  s a l t  s y s t e m s  ( 6 0 )  ( 6 1 ) .
V a r i o u s  w o r k e r s  have o b t a i n e d  c o m p r e s s i b i l i t y  d a t a  
f o r  a q u e o u s  s o l u t i o n s  o f  - o r g a n i c  c ompou nds .  R i c h a r d s  and 
C h a d w e l l  ( 3 7 )  m e a s u r e d  t h e  c o m p r e s s i b i l i t y  o f  a q u e o u s  
s o l u t i o n s  o f  e t h y l  a l c o h o l ,  benzene  and m e t h y l  a c e t a t e  a t  a 
t e m p e r a t u r e  o f  20°C and p r e s s u r e s  up t o  300 b a r .  N e w i t t  
and Weale ( 5 9 )  have o b t a i n e d  s i m i l a r  d a t a  f o r  t h e  
p r o p a n o l - w a t e r  and a c e t o n e - w a t e r  s y s t e m s ;  G i b s o n  and  L o e f f l e r  
( 4 8 )  f o r  t h e  m e t h a n o l - w a t e r  s y s t e m ;  and M o e s v e l d  ( 6 2 )  f o r  t h e  
e t h a n o 1 - w a t e r  s y s t e m .  S t u t c h b u r y  ( 6 3 )  has  f o u n d  t h e  
c o m p r e s s i b i l i t y  o f  a q u e o u s  m i x t u r e s  o f  i s o p r o p y l  a l c o h o l ,  
e t h y l  a l c o h o l ,  t e r t - b u t y l  a l c o h o l ,  a c e t o n e  and p y r i d i n e  a t  a 
t e m p e r a t u r e  o f  30°C and p r e s s u r e s  up t o  1000  a t m .  I n  a l l  t h e s e  
a q u e o u s  s y s t e m s  t h e  c u r v e  o f  c o m p r e s s i b i l i t y  v s .  c o m p o s i t i o n
e x h i b i t s  a m i n i mu m a t  l o w  c o n c e n t r a t i o n s  o f  t h e  o r g a n i c  
c o m p o n e n t .
<3-H o l d e r  & W h a l l ^  ( 6 4 )  have m e a s u r e d  t h e  c o m p r e s s i b i l i t y  
o f  p u r e  b e n z e n e ,  c a r b o n  t e t r a - c h l o r i d e  and e y e l o - h e x a n e . 
A l s o  t h e y  m e a s u r e d  t h e  c o m p r e s s i b i l i t y  o f  t h e  n e a r  i d e a l  
s y s t e m s  f o r m e d  by  b i n a r y  m i x t u r e s  o f  t h e s e  l i q u i d s  and 
c a l c u l a t e d  t h e  e x c e s s  c o m p r e s s i b i l i t i e s  a t  1 a t m .
CHAPTER 2.
A R e v i e w  o f  t h e  A v a i l a b l e  E q u a t i o n s  
f o r  t h e  P r e d i c t i o n  o f  Phase  E q u i l i b r i u m  
D a t a  and t h e  C i r c u m s t a n c e s  U n d e r  w h i c h  
t h e y  can  be a p p l i e d .
CHAPTER 2.
A R e v i e w  o f  t h e  a v a i l a b l e  e q u a t i o n s  f o r  t h e  
p r e d i c t i o n  o f  pha s e  e q u i l i b r i u m  d a t a  and t h e  
c i r c u m s t a n c e s  u n d e r  w h i c h  t h e y  can  be a p p l i e d .
2 . 1  The T h e r m o d y n a m i c s  o f  Phase  E q u i l i b r i u m .
2 . 1 . 1 .  The Phase  E q u i l i b r i u m  P r o b l e m .
The e s s e n c e  o f  t h e  p r o b l e m s  t h a t  phase  e q u i l i b r i u m  
. t h e r m o d y n a m i c s  s e t s  o u t  t o  s o l v e  i s  b e s t  i l l u s t r a t e d  by  
an e x a m p l e .  C o n s i d e r  t h e  s y s t e m  A c e t o n e ,  C h l o r o f o r m ,  
M e t h a n o l  a t  e q u i l i b r i u m , *  a t  a f i x e d  t e m p e r a t u r e  t h e  
c o m p o s i t i o n  o f  each  c o m p o n e n t  i n  b o t h  t h e  l i q u i d  and 
v a p o u r  p h a s e s  i s  f i x e d ,  as i s  t h e  t o t a l  p r e s s u r e  o f  t h e  
s y s t e m .  W h a t ,  i f  t h e  t e m p e r a t u r e  was a l t e r e d ,  w o u l d  t h e  
new c o m p o s i t i o n s  o f  t h e  e q u i l i b r i u m  v a p o u r  and l i q u i d  
p h a s e s  be a t  t h e  same p r e s s u r e ?  A l t e r n a t i v e l y ,  g i v e n  t h e  
c o m p o s i t i o n  o f  t h e  l i q u i d  pha s e  and t h e  t e m p e r a t u r e ,  w h a t  
i s  t h e  c o m p o s i t i o n  o f  t h e  v a p o u r  p ha se  and a t  w h a t  p r e s s u r e ?  
Such i s  t h e  p r o b l e m  w h i c h  may be c o n c e r n e d  w i t h  c o m b i n a t i o n s  
o f  many o t h e r  v a r i a b l e s .
By d e s c r i b i n g  s u c h  a p r o b l e m  i n  a b s t r a c t ,  m a t h e m a t i c a l  
t e r m s ,  i t  i s  s o m e t i m e s  p o s s i b l e  t o  o b t a i n  a s i m p l e  a n s w e r ,  
b u t  n o t , a l w a y s  i n  t e r m s  o f  i m m e d i a t e  p h y s i c a l  r e a l i t y .  
T h e r m o d y n a m i c s  p r o v i d e s  t h e  m a t h e m a t i c a l  l a n g u a g e  i n  w h i c h  
an a b s t r a c t  s o l u t i o n  o f  t h e  pha s e  e q u i l i b r i u m  p r o b l e m  i s  
r e a d i l y  o b t a i n e d .
The m e t h o d  o f  s o l u t i o n  can be d i v i d e d  i n t o  t h r e e  p a r t s :
a)  T r a n s l a t i o n  o f  t h e  p r o b l e m  i n t o  an a b s t r a c t  m a t h e m a t i c a l  
f o r m .
b )  S o l u t i o n  o f  t h e  m a t h e m a t i c a l  p r o b l e m .
c )  T r a n s l a t i o n  o f  t h e  r e s u l t  i n t o  p h y s i c a l l y  m e a n i n g f u l  
t e r m s .
G i b b s  ( 6 5 )  i n  1875 d e f i n e d  t h e  c h e m i c a l  p o t e n t i a l  w h i c h  
f a c i l i t a t e d  t h e  t r a n s f o r m a t i o n  o f  t h e  p h y s i c a l  p r o b l e m  i n t o  
m a t h e m a t i c a l  t e r m s .  The m a t h e m a t i c a l  s o l u t i o n  r e s u l t s  f r o m  
t h e  f a c t  t h a t  a t  e q u i l i b r i u m  t h e  c h e m i c a l  p o t e n t i a l  o f  t h e  
t wo  p h a s e s  i s  e q u a l .  The g r e a t  p r o b l e m  i s  t o  g e t  t h e  r e s u l t  
o f  s t e p  ( b )  i n t o  p h y s i c a l l y  m e a n i n g f u l  t e r m s .
I n  f i n d i n g  l a w s  o f  e q u i l i b r i u m  f o r  s y s t e m s  t h e  e f f e c t s  
o f  s u r f a c e  t e n s i o n  and t e n s i l e  e f f e c t s ,  a c c e l e r a t i o n  and 
c ha n ge  o f  p o s i t i o n  i n  a p o t e n t i a l  f i e l d ,  and c h e m i c a l  and 
n u c l e a r  r e a c t i o n s  a r e  n e g l e c t e d .  What  r e m a i n s  i s  t h e  
c l a s s i c a l  p r o b l e m  o f  pha s e  e q u i l i b r i u m  i n  w h i c h  t h e  i n t e r n a l  
e q u i l i b r i u m  w i t h  r e s p e c t  t o  t h e  f o l l o w i n g  p r o c e s s e s  i s  
c o n s i d e r e d ;
a)  H e a t  t r a n s f e r  b e t w e e n  any  t w o  p h a s e s  w i t h i n  t h e  
h e t e r o g e n e o u s  s y s t e m .
b)  D i s p l a c e m e n t  o f  a p ha se  b o u n d a r y .
c )  Mass t r a n s f e r  o f  any  c o m p o n e n t  i n  t h e  s y s t e m  a c r o s s  
a pha se  b o u n d a r y .
The g o v e r n i n g  p o t e n t i a l  i n  ( a )  and ( b )  a r e  t e m p e r a t u r e  
and p r e s s u r e  r e s p e c t i v e l y .  The t h i r d  p o t e n t i a l  i s  s u s c e p t i b l e  
t o  a v a r i e t y  o f  d e f i n i t i o n s  and c l a s s i c a l  t h e r m o d y n a m i c s  
p r o v i d e s  a p p r o p r i a t e  c h e m i c a l  p o t e n t i a l s  f o r  v a r i o u s  s i t u a t i o n s .
W i t h  p a r t i c u l a r  r e g a r d  t o  t h e  h i g h l y  c o m p l e x  M E K / w a t e r  
s y s t e m ,  i t  w o u l d ,  o f  c o u r s e ,  be u n r e a l i s t i c  t o  e x p e c t  t h a t  a 
m a t h e m a t i c a l  e x p r e s s i o n ,  w h i c h  c o n t a i n e d  no more  t h a n  t w o  o r
t h r e e  a d j u s t a b l e  p a r a m e t e r s ,  c o u l d  d e s c r i b e  a d e q u a t e l y  t h e  
d e v i a t i o n s  o f  t h e  s y s t e m ' s  b e h a v i o u r  f r o m  i d e a l i t y .  W h i l e  
t h e  e x p r e s s i o n s  d i s c u s s e d  i n  t h i s  c h a p t e r  a r e  i n  many c a s e s  
b as e d  on some p h y s i c a l  c o n c e p t  i n v o l v i n g  t h e  i n t e r a c t i o n  o f  
l i k e  and u n l i k e  m o l e c u l e s ,  t h e i r  a p p l i c a b i l i t y  t o  t h e  MEK/  
w a t e r  s y s t e m  i s  c o n s i d e r e d  o n l y  f r o m  t h e  s t a n d p o i n t  o f  
p r a c t i c a b i l i t y ;  t h a t  i s  w h e t h e r  o r  n o t  t h e y  p r o v i d e  a-  
c o n v e n i e n t  way o f  c o r r e l a t i n g  t h e  o b s e r v e d  b e h a v i o u r  o f  t h e  
s y s t e m .
2 .  1.  2 .  The G i b b s  -  Duhem E q u a t i o n .
The i n t e n s i v e  s t a t e  o f  each  pha s e  p r e s e n t  i n  a 
h e t e r o g e n e o u s  s y s t e m  a t  e q u i l i b r i u m  may be c h a r a c t e r i z e d  
by t h e  t e m p e r a t u r e  and p r e s s u r e  o f  each  s p e c i e s  p r e s e n t  
a l o n g  w i t h  i t s  c h e m i c a l  p o t e n t i a l .  H o w e v e r ,  t h e s e  a r e  n o t  
a l l  i n d e p e n d e n t  as shown by t h e  G i b b s - D u h e m  e q u a t i o n  b e l o w .
F i r s t  c o n s i d e r  a homogeneous  c l o s e d  s y s t e m .  I t s  
i n t e r n a l  e n e r g y ,  U, can be c o n s i d e r e d  as a f u n c t i o n  o f  i t s  
e n t r o p y ,  S,  and i t s  v o l u m e ,  V.
U = U ( S , V )  ' ( 2 . 1  -  1)
I n  an open s y s t e m  t h e  num be r  o f  m o l e s  o f  t h e  v a r i o u s  s p e c i e s  
p r e s e n t  ( n i , n 2 e t c )  m u s t  a l s o  be c o n s i d e r e d .
U = U ( S , V , n i ,  n 2 - -  n . , - -  n ) ( 2 . 1  -  2)1 .1 m
w h e r e  n i s  t h e  numbe r  o f  s p e c i e s  and n^ t h e  numbe r  o f  m o l e s
o f  t h e  i t h  c o m p o n e n t  p r e s e n t .
T o t a l  d i f f e r e n t i a t i o n  o f  e q u a t i o n  ( 2 . 1  -  2)  g i v e s :
u s i n g  t h e  i d e n t i t i e s  f o r  a c l o s e d  s y s t e m
and d e f i n i n g  y
e q u a t i o n  ( 2 . 1  -  3)  b ec ome s :
dV = TdS -  PdV + E y .  d u .
. 1 1i ( 2 . 1  -  4 )
e q u a t i o n  ( 2 . 1  -  4)  i s  t h e  f u n d a m e n t a l  e q u a t i o n  f o r  an open 
s y s t e m .
Now c o n s i d e r  a p h a se  w i t h i n  t h e  h e t e r o g e n e o u s  s y s t e m  
as an open homogeneous  s y s t e m .  I n  t h i s  c a s e  e q u a t i o n  ( 2 . 1 - 4 )  
a p p l i e s .  I n t e g r a t e  t h i s  e q u a t i o n  f r o m  a s t a t e  o f  z e r o  mass 
(U=S=V=n,  = n 2 -  -  -  = n = 0)  t o  a s t a t e  o f  f i n i t e  mass a tm •
c o n s t a n t  t e m p e r a t u r e ,  p r e s s u r e  and c o m p o s i t i o n .  A l o n g  t h i s  
p a t h  a l l  c o e f f i c i e n t s  a r e  c o n s t a n t
s i n c e  U i s  a s t a t e  f u n c t i o n  t h e  r e s u l t  o f  e q u a t i o n  ( 2 . 1 - 5 )
i s  i n d e p e n d e n t  o f  t h e  p a t h  o f  i n t e g r a t i o n . -
D i f f e r e n t i a t i n g  e q u a t i o n  ( 2 . 1 - 5 )  g i v e s :
dU = TdS + SdT -  PdV - VdP + Ey . .dn .  + E n . d y .  ( 2 . 1  -  6). 1  l  . i i
1 1
C o m p a r i n g  e q u a t i o n s  ( 2 . 1  -  4)  and ( 2 . 1  -  6 ) :
T h i s  i s  one o f  t h e  G i b b s - D u h e m  e q u a t i o n s .  I t  i s  a f u n d a m e n t a l  
e q u a t i o n  i n  t h e  t h e r m o d y n a m i c s  o f  s o l u t i o n s  w h i c h  r e s t r i c t s  t h e  
s i m u l t a n e o u s  v a r i a t i o n  o f  t e m p e r a t u r e ,  p r e s s u r e  and c h e m i c a l  
p o t e n t i a l  i n  a s i n g l e  p h a s e .
U = TS -  PV + E y . n .
,• i  i
( 2 . 1  -  5)
SdT -  VdP + En.  d y . = 0
. 1  l
( 2 . 1  -  7)
2. 1. 3. The Ideal Solution.
An i d e a l  s o l u t i o n  i s  d e f i n e d  as o n e ,  i n  w h i c h  a t  c o n s t a n t  
t e m p e r a t u r e  and p r e s s u r e ,  t h e  f u g a c i t y  i s  p r o p o r t i o n a l  t o  some 
s u i t a b l e  m e a s u r e  o f  t h e  c o m p o s i t i o n ,  u s u a l l y  t h e  m o l e  f r a c t i o n ,  
x .  Thus f o r  any  c o m p o n e n t ,  i ,  i n  an i d e a l  s o l u t i o n .
= C* i  C2.1  -  8)
w h e r e  C i s  a p r o p o r t i o n a l i t y  c o n s t a n t  d e p e n d e n t  on t e m p e r a t u r e  
and p r e s s u r e .  S e t t i n g  t h e  f u g a c i t y  e q u a l  t o  t h e  p a r t i a l  p r e s s u r e  
and C e q u a l  t o  t h e  t o t a l  p r e s s u r e  o f  t h e  s y s t e m  y i e l d s  R a o u l t ' s  
Law.  I n  many c a s e s  t h e  p r o p o r t i o n a l i t y  b e t w e e n  t h e  f u g a c i t y  
and t h e  c o m p o s i t i o n  h o l d s  f o r  o n l y  s m a l l  v a l u e s  o f  x ^ .  Such 
s y s t e m s  a r e  known as i d e a l  d i l u t e  s o l u t i o n s  and H e n r y ' s  Law 
a p p l i e s .
F o r  a s o l u t i o n  o b e y i n g  R a o u l t ' s  Law a t  any  t e m p e r a t u r e  
and p r e s s u r e :
( T , P )  = f  p u r e  i  ( T , P ) . x ± ( 2 .  1 - 9 )
S u b s t i t u t i o n  o f  e q u a t i o n  ( 2 . 1  -  9)  i n t o  t h e  t h e r m o d y n a m i c  r e l a t i o n s
( h  p u r e i + h i )
and
r a i n f . ^i ( h . - h .  )_ _ V l  l  , '91 n f  p u r e ^ '
^ T  J X*
Q_ RT2  ^ ap y
r a i n f .i ii f81 n f p u r e ^  '
3P J T , x RT ap T,
T , x RT:
( 2.1 -  10 )
( 2 . 1  -  U )
g i v e s h.  = h.i  l
V .  = V .  1 1
( 2.1 -  12 ) 
( 2 . 1  -  13)
s i n c e  t h e s e  t wo  p a r t i a l  m o l a r  q u a n t i t i e s  a r e  e q u a l  b o t h  i n  t h e  
p u r e  s t a t e  and i n  an i d e a l  s o l u t i o n ,  i t  f o l l o w s  t h a t  f o r m a t i o n  
o f  an i d e a l  s o l u t i o n  o c c u r s  w i t h o u t  a ny  c h a n g e s  i n  v o l u m e  and 
e n t h a l p y .
2. 1. 4. The Activity.
The a c t i v i t y  i s  d e f i n e d  ( 6 6 )  as t h e  r a t i o  o f  t h e  f u g a c i t y  
o f  a c o m p o n e n t  i n  a g i v e n  s t a t e  t o  t h e  f u g a c i t y  o f  t h e  same 
c o mp o n e n t  a t  t h e  same t e m p e r a t u r e  i n  some s t a n d a r d  s t a t e .
f .
a i  = —  ( 2 . 1  -  14)
' f . °  '1
w h e r e  a^  = a c t i v i t y  o f  c o m p o n e n t  i  •
f .^ = f u g a c i t y  o f  t h e  c o m p o n e n t  i  i n  t h e  g i v e n  s t a t e  
f . ^ G= f u g a c i t y  o f  c o m p o n e n t  i  i n  t h e  s t a n d a r d  s t a t e
and a t  t h e  same t e m p e r a t u r e .
The n u m e r i c a l  v a l u e  o f  t h e  a c t i v i t y  d e p e nd s  l a r g e l y  on t h e
c h o i c e  o f  s t a n d a r d  s t a t e  as shown by e q u a t i o n  ( 2 . 1  -  14)
T h e r e f o r e  i t  i s  n e c e s s a r y  t o  c h o o s e  a s u i t a b l e  s t a n d a r d  s t a t e
f o r  t h e  s o l u t i o n  o f  a g i v e n  p r o b l e m .  F o r  s o l u t i o n s  o f  n o n -
e l e c t r o l y t e s  t h e  m o s t  c o n v e n i e n t  s t a n d a r d  s t a t e  i s  t h a t  o f  t h e
p u r e  c o n s t i t u e n t  a t  t h e  t e m p e r a t u r e  and p r e s s u r e  o f  t h e  s y s t e m .
Thus t h e  a c t i v i t y  o f  t h e  p u r e  s u b s t a n c e  i s  a l w a y s  e q u a l  t o  u n i t y
f  0
t a i 5x . =  1 = - i -  = 1 { 2 . 1  -  150
.p 0
i
and t h e  a c t i v i t y  o f  a c o m p o n e n t  i n  an i d e a l  s o l u t i o n  i s  a l w a y s  
e q u a l  t o  i t s  m o l e  f r a c t i o n ,  s i n c e  f r o m  R a o u l t ’ s Law:  
x f- ii  = _ i _  = a . C2.1 -  1 6 )
f . °  11
2 . 1 . 5  The A c t i v i t y  C o e f f i c i e n t .
I t  i s  d e f i n e d  as t h e  r a t i o  o f  t h e  a c t i v i t y  o f  a c o m p o n e n t  
t o  i t s  m o l e  f r a c t i o n :
A c o m p a r i s o n  o f  e q u a t i o n s  ( 2 . 1  -  15)  and ( 2 . 1  -  16 )  shows 
t h a t  f o r  an i d e a l  s o l u t i o n  t h e  a c t i v i t y  c o e f f i c i e n t  i s  e q u a l  
t o  u n i t y :
Y
a .
i x i  i  • (2.1 - IB)1
X .1 X .1
Now t h a t  d e v i a t i o n s  f r o m  i d e a l i t y  a r e  r e p r e s e n t e d  by t h e
one q u a n t i t y ,  y ^ ,  t h e n  e q u a t i o n s  f o r  i d e a l  s y s t e m s  can  be
used  f o r  r e a l  s y s t e m s  onc e  m o d i f i e d  by  t h e  a c t i v i t y  c o e f f i c i e n t
2 .  1 . 6 .  The G i b b s  F r e e  E n e r g y .
F o r  a c l o s e d  s y s t e m  t h e  G i b b s  f r e e  e n e r g y  i s  d e f i n e d  a s :
T h i s  i s  a v e r y  u s e f u l  f u n c t i o n  f o r  any  s y s t e m -  s i n c e  
i t s  t w o  p r i m a r y  v a r i a b l e s  a r e  t e m p e r a t u r e  and p r e s s u r e ,  t w o  
v e r y  e a s i l y  m e a s u r e d  q u a n t i t i e s .  .The G i b b s  f r e e  e n e r g y  c h a n g e  
on m i x i n g  i s -  o f  p r i m a r y  i n t e r e s t  i n  t h e  s t u d y  o f  m i x t u r e s .  
C o n s i d e r  t h e  c hange  i n  t h i s  q u a n t i t y  i n  m i x i n g  p u r e  l i q u i d  
c o n s t i t u e n t s ,  b m o l e s  o f  c o m p o n e n t  B,  c m o l e s  o f  c o m p o n e n t  C e t c .  
a t  c o n s t a n t  t e m p e r a t u r e  and p r e s s u r e ,  t o  f o r m  a s o l u t i o n :
w h e r e  t h e  l e f t  hand s i d e  o f  e q u a t i o n  ( 2 . 1  -  20 )  r e p r e s e n t s
The change-  i n  t h e  G i b b s  f r e e  e n e r g y  f o r  t h i s  p r o c e s s  i s  g i v e n
dG = VdP -  SdT ( 2 . 1  -  19)
bB + cC + [ b B  + cC +. ] ( 2 . 1  -  2 0 )
t h e  num be r  o f  m o l e s  o f  each  c o m p o n e n t  s e p a r a t e  f r o m  eac h  
o t h e r  a n d . t h e  r i g h t  hand s i d e  r e p r e s e n t s  t h e  i d e a l  s o l u t i o n .
by
AG m i x  = by p. + cy  + □ c
■ b ( u B- M B ) + C ( y 0 - u 0 )+ ( 2.1 -  21 )
The d i f f e r e n c e  i n  m o l a r  f r e e  e n t h a l p y ( c h e m i c a l  p o t e n t i a l )  
b e t w e e n  an a c t u a l  and s t a n d a r d  s t a t e  i s  g i v e n  b y :
S u b s t i t u t i o n  o f  e q u a t i o n  ( 2 . 1  -  22 )  i n t o  e q u a t i o n  ( 2 . 1  -  21 )  
g i v e s :
A G m i x  = b . RT  l n a D + cRT l n a  + ...................B c
= b . R T  l n x D + cRT l n x  + ...................B c
+ bRT l n y B + cRT l n y c + . . . . . . . .
= E n RT I n  x .  + E n.  RT I n  y .  ( 2 . 1  -  23 ). n i  l  . 1  11
i  i
S i n c e  f o r  an i d e a l  s o l u t i o n  t h e  a c t i v i t y  o f  each  c o m p o n e n t  
i s  e q u a l  t o  u n i t y  t h e  s ec on d  t e r m  on t h e  r i g h t  hand s i d e  o f  
e q u a t i o n  ( 2 . 1 - 2 3 )  v a n i s h e s :
AG11? = Z n.  RT I n  x .  ( 2 . 1  -  24 )m i x  ^ 1 l
E q u a t i o n  ( 2 . 1  -  24)  g i v e s  t h e  m o l a r  G i b b s  f r e e  e n e r g y  
c ha n ge  o f  m i x i n g  f o r  an i d e a l  s o l u t i o n .
2 .  1.  7 .  E x c e s s  F u n c t i o n s .
These  a r e  t h e r m o d y n a m i c  p r o p e r t i e s  o f  s o l u t i o n s  w h i c h  
a r e  i n  e x c e s s  o f  t h o s e  f o r  i d e a l  s o l u t i o n s  a t  t h e  same 
t e m p e r a t u r e  and p r e s s u r e .  F o r  t h e  t h e r m o d y n a m i c  p r o p e r t y , F I :
FL = FI. -  M . l d  ( 2 . 1  -  25 )i l l
w h e r e  FL and F L 1C^ a r e  t h e  a c t u a l  and i d e a l  v a l u e s  r e s p e c t i v e l y .  
E x c e s s  f u n c t i o n s  f o r  i d e a l  s y s t e m s  a r e  z e r o .
R e l a t i o n s  b e t w e e n  e x c e s s  f u n c t i o n s  a r e  t h e  same as t h o s e
( 2 . 1  -  26 )  
( 2 . 1  -  27 )  
( 2.1 -  20 )
( 2 . 1  -  29 )
b e t w e e n  t h e  t o t a l  f u n c t i o n s :
h e
E E * I T  + PV
ge
E E = H -TS
a e
E E = U -TS
S i m i l a r l y  t h e  p a r t i a l  d e r i v a t i v e s  a r e :
3_G_ 1 b _ SE
9T T , x
E x c e s s  f u n c t i o n s  can  be e i t h e r  p o s i t i v e  o r  n e g a t i v e  -  
. p o s i t i v e  v a l u e s  c l a s s i f y  p o s i t i v e  d e v i a t i o n s  f r o m  i d e a l i t y ,  
n e g a t i v e  v a l u e s  n e g a t i v e  d e v i a t i o n s .
As m e n t i o n e d  i n  S e c t i o n  2 . 1 . 5  t h e  a c t i v i t y  c o e f f i c i e n t  
i s  a m e a s u r e  o f  t h e  d e v i a t i o n  o f  a s o l u t i o n  f r o m  i d e a l i t y ,
. t h e  p a r t i a l  m o l a r  e x c e s s  G i b b s  f r e e  e n e r g y  i s  a n o t h e r .  These  
t wo  v a r i a b l e s  a r e  r e l a t e d  by t h e  e q u a t i o n :
g? = RT l n y .  ( 2 . 1  -  32 )
Thus  k n o w l e d g e  o f  e i t h e r  g? o r  y . , ,  i n  t e r m s  o f  a p r o p e r t y  o f  
t h e  s o l u t i o n ,  w i l l  y i e l d  a q u a n t i t i v e  m e a s u r e  o f  t h e  d e v i a t i o n  
f r o m  i d e a l i t y  o f  a g i v e n  s o l u t i o n .  The m o s t  u s e f u l  q u a n t i t y  
t o  use f o r  t h i s  p u r p o s e  i s  t h e  c o m p o s i t i o n  o f  t h e  p h a s e ,  t h e  
m o l e  f r a c t i o n  x ^ .  A f u r t h e r  e x a c t  t h e r m o d y n a m i c  r e l a t i o n s h i p
i s : p
1 n Y - "  3 n . RT ' 1 - 1 T , P , n .
( j  / i  ) ( 2 . 1 . -  33 )
w h i c h  w i l l  f i n d  c o n s i d e r a b l e  use  d u r i n g  t h i s  c h a p t e r .
2 . 2 .  E x p r e s s i o n s  o f  t h e  e x c e s s  f r e e  e n e r g y  i n  t e r m s  
o f  c o m p o s i t i o n .
2.2 .1.
T w o - p a r a m e t e r  s e m i - e m p i r i c a l  e q u a t i o n s .
a ) Wohl  E q u a t i o n
Wohl  ( 6 8 )  e x p r e s s e d  t h e  e x c e s s  G i b b s  f r e e  e n e r g y  o f  a 
s o l u t i o n  as a p o w e r  s e r i e s  i n  z ^ ,  zy  z ^  e t c . ,  t h e  e f f e c t i v e  
v o l u m e  f r a c t i o n s  o f  t h e , c o m p o n e n t s .
RT I q ,  x ,
E '
= I  z .  z .  a . .  + I  z .  z . ' z ,  a i j k  
6 i  J i j  L i  J k J
i  1 1 i j  i j k
+ I  z . z . z. z .  a . . +
i  J  k  1 i j k l
( 2.2 -  1)
i j  k l
q ^ ,  q j , q ^ ,  q^ . . .  a r e  . c o n s t a n t s  c a l l e d  t h e  e f f e c t i v e
m o l a r  v o l u m e s  o f  t h e  c o n s t i t u e n t s  i ,  j ,  k ,  1 . . .  and z . ,  z . ,
• J
z. , z n . . .  a r e  e f f e c t i v e  v o l u m e t r i c  f r a c t i o n s  o f  t h e  k 1
c o n s t i t u e n t s .  The e f f e c t i v e  v o l u m e t r i c  f r a c t i o n  o f  any  
c o n s t i t u e n t ,  i ,  i s  d e f i n e d  by t h e  r e l a t i o n :
q . . x .
z .  = — -----—  ( 2 . 2 - 2 )
1 T q . x 
3 J
The e m p i r i c a l  c o n s t a n t s  a .  a.. .. . a .  , m e a s u r e  t h e  
H i j '  i j  k '  i j  k l
i n t e r a c t i o n s  i n  v a r i o u s  g r o u p s  o f  m o l e c u l e s ,  i j , i j k ,  i j k l .
The f i r s t  s u m m a t i o n  i n  e q u a t i o n  ( 2 . 2 - 1 )  g i v e s  t h e  sum
o f  t h e  p r o d u c t s  o f  t h e  v o l u m e t r i c  f r a c t i o n s  ( z ^ ,  z ^ ) o f  a l l
p a i r s  o f  d i s s i m i l a r  c o n s t i t u e n t s  t h a t  can be c h o s e n  f r o m  t h e
g i v e n  n -  c o m p o n e n t  s y s t e m ,  w h e r e  each  p r o d u c t  i s  m u l t i p l i e d
by a c o n s t a n t  a . . ,  w h i c h  i s  r e l a t e d  t o  t h e  f o r c e  i n t e r a c t i o n s  
■ i j
b e t w e e n  t h e  c o r r e s p o n d i n g  p a i r  o f  m o l e c u l e s .  S i m i l a r l y  t h e  
s e c o n d  s u m m a t i o n  t a k e s  i n t o  a c c o u n t  t h e  f o r c e  i n t e r a c t i o n s  o f  
a l l  t r i p l e t s  o f  v o l u m e t r i c  f r a c t i o n s ,  e t c .
I t  i s  a m e t h o d  by w h i c h  some p h y s i c a l  s i g n i f i c a n c e  can  be 
g i v e n  t o  t h e  p a r a m e t e r s .
The van Laar Equation
i )  D e r i v a t i o n
van L a a r  c o n s i d e r e d  t h e  e n e r g y  c hange  when two
p u r e  l i q u i d s  w e r e  m i x e d  a t  c o n s t a n t  t e m p e r a t u r e  and
p r e s s u r e .  He assumed t h a t  t h e r e  was no v o l u m e  c ha n ge  
E
( v m i x  = 0)  and t h a t  t h e  e x c e s s  e n t r o p y  o f  m i x i n g  was
E
a l s o  z e r o  ( s  m i x = 0 ) . He t h e n  c o n s t r u c t e d  a t h r e e  s t e p  
t h e r m o d y n a m i c  c y c l e  i n  w h i c h  t h e  p u r e  l i q u i d s  w e r e :
a)  v a p o u r i z e d  t o  some a r b i t a r y  l o w  p r e s s u r e .
b)  m i x e d  a t  t h i s  l o w  p r e s s u r e .
c)  r e c o m p r e s s e d  t o  t h e  o r i g i n a l  p r e s s u r e .
S i n c e  t h e  e n e r g y  i s  a s t a t e  v a r i a b l e ,  i n d e p e n d e n t
o f  t h e  p a t h ,  t h e  t o t a l  e n e r g y  c h a n g e  was g i v e n  by t h e  sum
o f  t h e  e n e r g y  c h a n g e s  o f  t h e  t h r e e  s t e p s .  U s i n g  r i g o r o u s
t h e r m o d y n a m i c  e q u a t i o n s ,  and a s s u m i n g  t h e  v o l u m e t r i c
p r o p e r t i e s  o f  t h e  p u r e  l i q u i d s  w e r e  g i v e n  by  t h e  v an
d e r  W a a l ’ s e q u a t i o n s ,  t h e  e n e r g y  c h a n g e s  i n  s t e p s  ( a )  and
( c )  w e r e  o b t a i n e d .  The e n e r g y  c h a n ge  d u r i n g  s t e p  ( b )  was
t a k e n  as z e r o  s i n c e  t h e  i s o t h e r m a l  m i x i n g  o f  t h e  i d e a l
g a s e s  p r o c e e d s  w i t h  no e n e r g y  c h a n g e .  He f o u n d  t h e  t o t a l
e n e r g y  c ha n ge  t o  be :
E
® “ x i  x2b i b 2 (• / a i  (2 .2 - 3)
■ x ! b ! + x 2b 2 b l  b2
w h e r e  a and b a r e  t h e  v a n  d e r  W aa l s  c o n s t a n t s  t h e  s u b s c r i p t s  
r e f e r r i n g  t o  c o m p o n e n t s .
D i f f e r e n t i a t i o n  a c c o r d i n g  t o  e q u a t i o n  ( 2 . 1  -  33 )  
y i e l d s  t h e  a c t i v i t y  c o e f f i c i e n t .
I n  t h e  a b o ve  t wo  e q u a t i o n s  t h e  c o n s t a n t s  A and B a r e
g i v e n  b y :
R T 1 b i
/ F T ) 2
b2
( 2 . 2  -  6 )
B _ u . / t t  n r~  2
( 2 . 2  -  7)
Two p r o p e r t i e s  o f  t h e  van  L a a r  e q u a t i o n  e m e r g e :
( 1 )  The l o g a r i t h m s  o f  t h e  a c t i v i t y  c o e f f i c i e n t s  a r e  i n v e r s e l y  
p r o p o r t i o n a l  t o  t h e  a b s o l u t e  t e m p e r a t u r e .  T h i s  i s  a c o n s e q u e n c e
( 2 )  The a c t i v i t y  c o e f f i c i e n t s  p r e d i c t e d  a r e  n e v e r  l e s s  t h a n  
u n i t y ,  t h u s  p o s i t i v e  d e v i a t i o n s  f r o m  R a o u l t ’ s Law a r e  a l w a y s
p r e d i c t e d .  T h i s  r e s u l t s  f r o m  t h e  a s s u m p t i o n  t h a t  t h e  i n t e r -
r e a c t i o n  f o r c e s  b e t w e e n  t h e  two  d i s s i m i l a r  m o l e c u l e s  i n  t h e  
m i x t u r e  can be e x p r e s s e d  i n  t e r m s  o f  t h e  i n t e r - r e a c t i o n  f o r c e s  
b e t w e e n  two  l i k e  m o l e c u l e s  b y :
/a ~ .  -  X j /a~7 + x 2 /a T  ( 2 . 2  -  8)m i x  1 z
i i )  E x a m p l e s  o f  i t s  use
C o n s i d e r i n g  a b i n a r y  s o l u t i o n  o f  two  c o m p o n e n t s  w h i c h  
a r e  n o t  t o o  d i s s i m i l a r  c h e m i c a l l y  b u t  d i f f e r  i n  m o l e c u l a r  
s i z e ,  and  c o n s i d e r i n g  o n l y  t h e  f i r s t  t e r m  o f  W o h l ’ s e q u a t i o n  
( 2 . 2 - 1 )  one o b t a i n s :
E ’ . •
_ 2a 1 2  x i x 2qiq 2 ( 2 . 2 - 9 )
£
o f  a s s u m i n g  a r e g u l a r  s o l u t i o n '  ( s  =□)
RT
x i q i + x 2 q 2
D i f f e r e n t i a t i n g  e q u a t i o n  ( 2 . 2  -  9)  a c c o r d i n g  t o  e q u a t i o n  
( 2 . 1  -  33 )  an e x p r e s s i o n  f o r  Y i  i s  o b t a i n e d  i n  t e r m s  o f  X i  and
In  Y i
A ( 2 . 2  -  4)
In  Y 2 ( 2 . 2  -  5)
w h e r e  A = 2 q ! a 12 and B = 2 q 2a 12
E q u a t i o n s  ( 2 . 2  -  4)  and ( 2 . 2  -  5)  a r e  v an  L a a r ’ s ( 6 9 )
e q u a t i o n s .
The d e r i v a t i o n  s u g g e s t s  t h a t  t h e  van  L a a r  e q u a t i o n  s h o u l d  
be us ed  f o r  s o l u t i o n s  whose c o n s t i t u e n t s  d i f f e r  i n  m o l e c u l a r  
s i z e  b u t  w h e r e  t h e i r  i n t e r a c t i o n s  a r e  w e a k .  I n  p r a c t i c e  t h i s  
e q u a t i o n  can be used  f o r  f a r  more  c o m p l e x  s y s t e m s ,  and i n  s u c h  
c a s e s  as t h e s e  t h e  c o n s t a n t s  l o s e  w h a t  l i t t l e  p h y s i c a l  
s i g n i f i c a n c e  t h e y  m i g h t  have  and become p u r e l y  e m p i r i c a l  
c o n s t a n t s  bas ed  on a t h e r m o d y n a m i c a l l y  c o n s i s t e n t  e q u a t i o n .
When t h e  van  L a a r  e q u a t i o n  i s  a p p l i e d  t o  t h e  v a p o u r  
e q u i l i b r i a  o f  p a r t i a l l y  m i s c i b l e  s y s t e m s ,  p r e v i o u s  w o r k  has 
s u g g e s t e d  ( 7 0 )  t h a t  s e p a r a t e  p a i r s  o f  c o n s t a n t s  be d e r i v e d  
f o r  each l i q u i d  m i s c i b l e  p ha se  and t h e  c o m p o s i t i o n  o f  t h e  
v a p o u r  abo v e  i t  c a l c u l a t e d .  T h i s  m e t h o d  r e q u i r e s  a p r e v i o u s  
k n o w l e d g e  o f  t h e  v a p o u r  l i q u i d  e q u i l i b r i u m  d a t a  o f  t h e  s y s t e m .  
When s uc h  d a t a  a r e  n o t  a v a i l a b l e  o n l y  one p a i r  o f  c o n s t a n t s  
can  be used  w h i c h  may be f o u n d  f r o m  t i e - l i n e  d a t a  o f  t h e
p a r t i a l l y  m i s c i b l e  p h a s e .  T h i s  a p p r o a c h  was f i r s t  s u g g e s t e d  
by  R o b i n s o n  & G i l l i l a n d  ( 7 1 ) .
c)  M a r g u l e s  E q u a t i o n  ( 7 6 )
F o r  a b i n a r y  s o l u t i o n ,  t h e  c o m p o n e n t s  o f  w h i c h  do n o t
d i f f e r  g r e a t l y  i n  m o l e c u l a r  s i z e ,  and n e g l e c t i n g  t e r m s  g r e a t e r
t h a n  t h e  f o u r t h  p o w e r  i n  e q u a t i o n  ( 2 . 1  - 3 2 ) ,  t h e  f o u r  s u f f i x  
M a r g u l e s  e q u a t i o n  i s  o b t a i n e d :
l n y i  = Ax 2 2 + B x ^ + C x z 1* ( 2 . 2  -  I D )
X n y 2 *= (A + 3/ 2B + 2 C ) x a2 - ( B + 8/ 3C ) x i 3+ Cx i  [ 2 . 2  -  X I )
w h e r e :
A = q ( 2 a x 2 +^ 3 i i 2 _ 3 a i 2 3 +1 2 a i i i 2 “ 6 a i i 2 2 ^  ( 2 . 2  -  12)
B = q ( 6 a j 2 2 " 6 a 1 1 2 " 2 4 a 1 1 1 2 _ 8 a i 2 2 2 +2 4 a i  x 2 2 ) ( 2 . 2  -  13)
C = q ( 1 2 a x i i 2 + t 2 a x 2 2 2 “ 1 8 a x x 2 2 )  ( 2 . 2  -  14)
U s u a l l y  t h e  e x p e r i m e n t a l  d a t a  i s -  s u f f i c i e n t l y  s c a r c e  n o t  t o  
j u s t i f y  t h e  use o f  a t h r e e  p a r a m e t e r  e q u a t i o n ,  t h e r e f o r e ,  
t h e  c o n s t a n t  C i s  s e t  e q u a l  t o  z e r o .  E q u a t i o n s  ( 2 . 2  -  10)
and ( 2 . 2  -  11)  now become:
l n y i =  Ax 2 2+Bx 2 3 ( 2 . 2  -  15)
l n y 2 = ( A + 3/ 2B ) x x 2- B x x 3 ( 2 . 2  -  16)
A l t h o u g h  t h e  e q u a t i o n s  hav e  been  d e r i v e d  on t h e  a s s u m p t i o n  t h a t
t h e  m o l e c u l a r  s i z e s  o f ,  each  c o m p o n e n t  a r e  e q u a l ,  i t  can  r e p r e s e n t  
w e l l  t h e  d a t a  o f  many s y s t e m s  w h i c h  do n o t  c o n f o r m  t o  t h i s  
r e q u i r e m e n t .  The a d v a n t a g e  t h a t  t h i s  e q u a t i o n  has o v e r  v a n  
L a a r ’ s i s  t h a t  i t  can  p r e d i c t  max ima i n  t h e  a c t i v i t y  c o e f f i c i e n t  
v s .  c o m p o s i t i o n  c u r v e s ,  a l t h o u g h  t h e s e  s y s t e m s  a r e  n o t  common.
N a r g u l e s  o r i g i n a l l y  d e r i v e d  t h e  e q u a t i o n  by  e x p r e s s i n g  t h e
l o g a r i t h m  o f  t h e  a c t i v i t y  c o e f f i c i e n t  i n  t e r m s  o f  an e x p o n e n t i a l
s e r i e s :
*  *  k-l n y x  = E a, x ( 2 . 2 - 1 7 )
k=X k 2
d ) S c a t c h a r d - H a m m e r  E q u a t i o n  C 83)
On t r u n c a t i n g  e q u a t i o n  ( 2 . 2 - 1 )  a f t e r  t h e  t h i r d  o r d e r  
t e r m s  and  a s s u m i n g :
£i_ = vj_ . ( 2 . 2  -  18)
q2 v 2
w h e r e  v ' i  and  v 2 a r e  t h e  m o l a r  v o l u m e s  o f  t h e  p u r e  l i q u i d s  
a t  t h e  t e m p e r a t u r e  o f  t h e  s o l u t i o n ,  t h e  Wohl  e q u a t i o n  now 
b e c o m e s :
In  Y l = f Bz23 ( 2 . 2  -  19)
l n y 2 = (A + 3/2B L V ^» - Bv,. g 3 ( 2 . 2  -  20 )
Vl  # V i  1
w h e r e :
A = Vi ( 2 a i 2 +6 3 i i 2 - 3 3 i 2 2 )  ( 2 . 2  — 21)
B = v i  ( 6 a 122 " 6 3 1 1 2 ) ( 2 . 2  -  22 )
The e q u a t i o n s  p r e d i c t  v a l u e s  o f  y ^ b e t w e e n  
t h o s e  o f  v a n  L a a r  and M a r g u l e s  when t h e  same c o n s t a n t s  
a r e  b e i n g  u s e d .
2 . 2 . 2  O t h e r  s e m i - e m p i r i c a l  e q u a t i o n s .
a ) B l a c k ’ s E q u a t i o n
A s s o c i a t i o n  o f  l i k e  m o l e c u l e s  i n c r e a s e s  t h e  a c t i v i t y  
c o e f f i c i e n t  w h i l e  i n t e r a s s o c i a t i o n  o f  u n l i k e  m o l e c u l e s  
d e c r e a s e s  t h e  a c t i v i t y  c o e f f i c i e n t .  I n  t h e  van  L a a r  e q u a t i o n  
t h e s e  two e f f e c t s  s o m e t i m e s  c a n c e l  o u t  and  t h e  d a t a  i s  w e l l  
r e p r e s e n t e d ,  on o t h e r  o c c a s i o n s  t h i s  i s  n o t  t h e  c a s e  and  
t h e  van  L a a r  e q u a t i o n  makes p o o r  p r e d i c t i o n s .
B l a c k  ( 7 9 )  m o d i f i e d  t h e  van  L a a r  e q u a t i o n  by  t h e  
a d d i t i o n  o f  a n o t h e r  c o n s t a n t  C:
I n Y i  = ------   z- + Ci 2  ( 2 . 2  -  23)
(1  + A x i )
B x 2
B
I n y 2 = (1+B x 2 ) 2 + C21 ( 2 . 2  -  24)
A x i
w h e r e  C i 2 = C2 i .
0 . 5  o . 5
I f  ( l n y i )  v s . ( l n Y 2  ^ i s  p l o t t e d  t h e  van  L a a r  
e q u a t i o n  p r e d i c t s  a s t r a i g h t  l i n e ,  w h e r e a s  e x p e r i m e n t a l  d a t a  
o f t e n  g i v e  a c u r v e .  The c o n s t a n t  Cl 2  i s  t o  c o r r e c t  f o r  t h i s  
d i s c r e p a n c y .  I f  e x p e r i m e n t a l l y  o b t a i n e d  v a l u e s  a r e  p l o t t e d  on 
t h e  a b o ve  g r a p h ,  and f o r m  a c u r v e ,  t h e n  a t a n g e n t  i s  d r a wn  t o  
t h i s  c u r v e  s uc h  t h a t  t h e  d i f f e r e n c e  b e t w e e n  t h e  i n t e r c e p t  o f  
t h e  e x p e r i m e n t a l  c u r v e  and t h e  i n t e r c e p t  o f  t h e  t a n g e n t  
e q u a l  on b o t h  o r d i n a t e  and a b s c i s s a .  T h i s  i s  n e c e s s a r y  s i n c e  
C i 2 = C2 1 .
On s q u a r i n g  t h e  d i f f e r e n c e  i n  i n t e r c e p t s  t h e  v a l u e  o f  C i 2 
i s  o b t a i n e d .
The s y s t e m s  t o  w h i c h  B l a c k  a p p l i e d  h i s  e q u a t i o n  w e r e :
a)  P r o p y l e n e  -  p r o p a n e .
b)  E t h a n o l  -  2 , 2 , 4  T r i m e t h y l p e n t a n e
c)  M e t h a n o l  -  Benzene
d) C h l o r o f o r m  - e t h a n o l
e)  A c e t o n e  -  w a t e r
f )  W a t e r  -  f u r f u r a l
I n  a l l  t h e s e  s y s t e m s ,  e x c e p t  ( a )  t h e  c o m p o n e n t s  show h i g h  
d e g r e e s  o f  a s s o c i a t i o n  o r  i n t e r a s s o c i a t i o n ,  e i t h e r  i n  t h e  p u r e  
s t a t e  o r  when m i x e d  w i t h  each  o t h e r .  The e q u a t i o n ’ s s u p e r i o r i t y  
o v e r  t h e  two s u f f i x  van  L a a r  e q u a t i o n  i s  r e a d i l y  shown when 
a p p l i e d  t o  s y s t e m  ( b ) .  A l t h o u g h  t h i s  s y s t e m  i s  e x t r e m e l y  
n o n - i d e a l  i t  r e m a i n s  c o m p l e t e l y  m i s c i b l e  i n  t h e  l i q u i d  p h a s e
a t  50QC. B l a c k ' s  e q u a t i o n  r e p r e s e n t s  t h e  v a p o u r - l i q u i d  
e q u i l i b r i u m  d a t a  w e l l ,  h o w e v e r ,  t h e  v an  L a a r  e q u a t i o n  n o t  
o n l y  g i v e s  a p o o r  r e p r e s e n t a t i o n  o f  t h e  d a t a  b u t  p r e d i c t s  
p a r t i a l  m i s c i b i l i t y  i n  t h e  l i q u i d  p h a s e .
b)  R e d l i c h - K i s t e r  E q u a t i o n
EA r e q u i r e m e n t  f o r  a ny  e x p r e s s i o n  f o r  g i n  a b i n a r y
s y s t e m  i s  t h a t  •
E
g = 0  when x i  = □ 
and-  g^  = 0 when x 1 = 1
An e x p r e s s i o n  t h a t  f u l f i l l s  t h e  a b o ve  r e q u i r e m e n t s  and w h i c h
i s  s u f f i c i e n t l y  f l e x i b l e  t o  a cc om moda t e  c o m p l e x  s y s t e m s  i s
t h a t  a t t r i b u t e d  t o  R e d l i c h - K i s t e r :
F - ®
g = X i X2 [ A ’ +B'  ( x ! - x 2 ) +C’. Cx i - X 2 ) 2+D,' (x i - x 2 ) + . . . 1  ( 2 . 2  -  25)
s i n c e  RT l n  y .  = g . ^  = f ^ nT ’ ^
1 1 3 n i  T ' P ' n j  ( 2 * 2 " 2 6 )
t h e n :
R T l n Y i = A 1 x 22+B 1X 2 3+CiX2It +D1x 2 5-5-  .......................   ( 2 . 2  -  27 )
and RT1nY2 =A2 X i 2 +B2X i 3 + C2X i 4+D2x 5 + ............. .........................  ( 2 . 2  -  28 )i
T h i s  e x p a n s i o n  p r o v i d e s  a c o n v e n i e n t  means o f  c l a s s i f y i n g  
d i f f e r e n t  t y p e s  o f  l i q u i d  m i x t u r e s .  As shown by  R e d l i c h ,
K i s t e r  & T u r n q u i s t  ( 9 4 ) .  P l o t s  o f  l n ^ 1/ ^  v s . X i  o f  
e x p e r i m e n t a l l y  o b t a i n e d  a c t i v i t y  c o e f f i c i e n t  d a t a  can  be 
r e p r e s e n t e d  by t h e  j o i n t  use o f  e q u a t i o n s  ( 2 . 1  -  32)  and 
( 2 . 2  - 2 5 )  w h i c h  y i e l d s  t h e  e x p r e s s i o n :
^  y"2 = ^ X l ~ X l   ^ +B ' ( 6 x  1 X 2 - I  ) + C» ( x i - x 2 ) ( 8 x 1 X 2  - l )
+ D' ( x i - x 2) 2 ( 1 0 x i x 2 “ l )  +    ( 2 . 2  - 2 9 )
They  showed t h a t  t h e  c o m p l e x i t y  o f  t h e  b i n a r y  l i q u i d  m i x t u r e  
d i c t a t e s  t h e  numbe r  o f  n o n - z e r o  p a r a m e t e r s  r e q u i r e d  i n  
e q u a t i o n  ( 2 . 2  -  29 )  t o  g i v e  a d e q u a t e  r e p r e s e n t a t i o n  o f  t h e
e x p e r i m e n t a l  d a t a .  F o r  e x a m p l e ,  f o r  a b i n a r y  m i x t u r e  o f  two 
n o n - i n t e r a c t i n g  c o m p o n e n t s  b e i n g  o f  s i m i l a r  m o l a r  v o l u m e s ,  t h e n  
i n  e q u a t i o n ( 2 . 2  -  29 )  B=C=D -  -  -  □ and  a p l o t  o f  l u  Y i / y 2 
i s  a s t r a i g h t  l i n e - w h i c h  i ' s t y p i c a l  b e h a v i o u r  f o r  t h i s  t y p e  
o f  m i x t u r e .
More  c o m p l i c a t e d  m i x t u r e s  w h i c h  ha ve  c o m p o n e n t s  o f  
d i f f e r e n t  m o l e c u l a r  v o l u m e s ,  f o r  e x a m p l e  b e n z e n e / i s o - o c t a n e
K y
e x h i b i t s  a c u r v e  when I n  / Y 2 i s  p l o t t e d  a g a i n s t  x i  and two  
o r  mo re  p a r a m e t e r s  a r e  r e q u i r e d  t o  r e p r e s e n t  t h e s e  d a t a  
a d e q u a t e l y .  As t h e  c o m p l e x i t y  o f  t h e  s y s t e m  i n c r e a s e s ,  so 
t h e  num be r  o f  p a r a m e t e r s  r e q u i r e d  i n  e q u a t i o n  ( 22  -  29)  
i n c r e a s e s .  I n  s y s t e m s  w h e r e  t h e r e  a r e  s t r o n g  i n t e r a c t i o n s  
b e t w e e n  e i t h e r  l i k e  o r  u n l i k e  c o m p o n e n t s ,  t o g e t h e r  w i t h  t h e  
e f f e c t s  o f  m o l e c u l a r  s i z e ,  a f f e c t i n g  t h e  s ha p e  o f  t h e  
I n 1V Y 2 p l o t  t h e n  as many as f o u r  o r  m o re  p a r a m e t e r s  a r e  
r e q u i r e d  t o  r e p r e s e n t  t h e  d a t a  a d e q u a t e l y . .
2 . 2 . 3  C o m p a r i s o n  o f  t h e  e q u a t i o n s  a r i s i n g  f r o m  
W o h l ' s  E q u a t i o n .
C a r l s o n  & C o l b u r n  ( 8 4 )  w e r e  among t h e  f i r s t  t o  s t u d y  t h e
r e l a t i v e  m e r i t s  o f  t h e  van  L a a r ,  M a r g u l e s  and S c a t c h a r d - H a m e r
e q u a t i o n s .  F o r  t h e  v a n  L a a r  and M a r g u l e s  e q u a t i o n s  t h e y  f o u n d
t h a t  t h e  l o g a r i t h m  o f  t h e  a c t i v i t y  c o e f f i c i e n t s  a t  i n f i n i t e
d i l u t i o n  gav e  t h e  v a l u e s  o f  A and B. A l s o  t h e y  f o u n d  t h a t
t h e  m o l e c u l a r  s i z e  o f  t h e  p u r e  c o m p o n e n t s  was a c l u e  t o
c h o o s i n g  t h e  m o s t  s u i t a b l e  e q u a t i o n .  T he se  e q u a t i o n s  w e r e
used  t o  p r e d i c t  t h e  a c t i v i t y  c o e f f i c i e n t  d a t a  o f  f i v e  s y s t e m s :
a)  I s o - p r o p y l  e t h e r  -  . i s o p r o p y l  a l c o h o l .
b)  n -  p r o p y l  a l c o h o l  -  w a t e r .
c )  A c e t o n e  -  c h l o r o f o r m .
d)  C h l o r o f o r m  -  e t h y l  a l c o h o l .
e)  n -  b u t y l  a l c o h o l  -  w a t e r .
I n  ( a ) ,  ( b )  and ( c )  v a n  L a a r ’ s e q u a t i o n  f i t t e d  t h e  
e x p e r i m e n t a l  d a t a  w e l l , *  w h i l e  Cd3 was w e l l  r e p r e s e n t e d  by 
t h e  M a r g u l e s  e q u a t i o n , b e c a u s e  o f  t h e  s i m i l a r i t y  i n  m o l e c u l a r  
s i z e  o f  t h e  two c o m p o n e n t s .  The f i f t h ,  ( e ) ,  w h i c h  i s  
p a r t i a l l y  m i s c i b l e  i n  t h e  l i q u i d  p h a s e ,  was o n l y  p o o r l y  
r e p r e s e n t e d  by  t h e  v a n  L a a r  e q u a t i o n .  The S c a t c h a r d  -  Hamer  
e q u a t i o n  p r e d i c t e d  a c t i v i t y  c o e f f i c i e n t s  s i m i l a r  t o  t h o s e  o f  
e i t h e r  t h e  v an  L a a r  e q u a t i o n  o r  t h e  M a r g u l e s  e q u a t i o n  d e p e n d i n g
on t h e  m o l e c u l a r  s i z e  o f  t h e  two  c o m p o n e n t s .
A s p e c t s  o f  t h e  b e h a v i o u r  o f  t h e  M a r g u l e s  and  S c a t c h a r d -  
Hamer  e q u a t i o n s  w h i c h  make t hem l e s s  s a t i s f a c t o r y  t h a n  t h e  
van  L a a r  e q u a t i o n  w e r e  o b s e r v e d  by  B r i a n  ( 8 5 ) .  The se  w e r e
shown by t h e  p a r t i a l l y  m i s c i b l e  s y s t e m s :
ft
a)  A n i l i n e  -  w a t e r .
b)  I s o b u t y l  a l c o h o l  -  w a t e r .
c )  1 -  b u t a n o l  -  w a t e r .
d)  P h e n o l  -  w a t e r .
e)  P r o p y l e n e  o x i d e  -  w a t e r .
F o r  s y s t e m  ( e ) ,  t h e  p r e d i c t i o n s  o f  b o t h  v an  L a a r  and 
M a r g u l e s  w e r e  i n  c l o s e  a g r e e m e n t .  H o w e v e r  f o r  t h e  o t h e r  f o u r  
s y s t e m s ,  M a r g u l e s  p r e d i c t e d  v a l u e s  o f  t h e  a c t i v i t y  c o e f f i c i e n t  
l e s s  t h a n  u n i t y ,  w h i l e  t h e  v an  L a a r  e q u a t i o n  p r e d i c t e d  
r e a s o n a b l e  v a l u e s .  E x a m i n a t i o n  o f  a n u m b e r  o f  s o l u t i o n s  
showed t h a t  t h i s  b e h a v i o u r  o c c u r r e d  i n  h i g h l y  a s y m e t r i c  
s y s t e m s  w h e r e  t h e  r a t i o  o f  c o m p o n e n t  1 i n  one p h a se  t o  
c o m po n en t  2 i n  t h e  s e c o n d  pha s e  i s  f a r  r e m o v e d  f r o m  u n i t y .
Van L a a r ’ s e q u a t i o n  i s  o f  s uc h  a m a t h e m a t i c a l  f o r m  t h a t  i t  
p r e v e n t s  t h e  a c t i v i t y  c o e f f i c i e n t  f r o m  c r o s s i n g  u n i t y  and i s  
s a t i s f a c t o r y  f o r  h i g h l y  a s s y m e t r i c  s y s t e m s .  The M a r g u l e s  
e q u a t i o n  a d j u s t s  t o  t h e  n e c e s s a r y  e q u i l i b r i u m  c o n d i t i o n
- Y i X i = Y i xx i b y  a d j u s t i n g  Y i  bo i m p o s s i b l e  l i m i t s .
The S c a t c h a r d - H a m e r  e q u a t i o n  p e r m i t s  t h e  a c t i v i t y  
c o e f f i c i e n t s  t o  c r o s s  u n i t y  b u t  none t h e  l e s s  g i v e s  s i m i l a r  
r e s u l t s  t o  t h e  v a n  L a a r  e q u a t i o n  i n  ( a )  t o  ( d ) ,  a p p a r e n t l y
h i g h  v a l u e s  o f  V i /  c o m p e n s a t e  f o r  l o w  v a l u e s  o f  x j / x i 1 .
V 2
H o w e v e r  t h i s  d e l i c a t e  b a l a n c e  i s  u p s e t  when V i / Vz a p p r o a c h e s  
u n i t y  and  t h e  e q u a t i o n  w i l l  f a i l  s i n c e  i t  now becomes i d e n t i c a l  
t o  t h e  M a r g u l e s  e q u a t i o n .
2 . 2 . 4  S u i t a b i l i t y  o f  t h e  s e m i - e m p i r i c a l  e q u a t i o n s  
f o r  r e p r e s e n t i n g  t h e  MEK/ H20 s y s t e m .
I n  a l l  t h e  s o l u t i o n s  t o  t h e  G i b b s - D u h e m  e q u a t i o n s  
c o n s i d e r e d  so f a r  i t  i s  p o s s i b l e  t o  . t a k e  i n t o  a c c o u n t  t h e  
c o m p l e x i t i e s  o f  t h e  m i x t u r e  by i n c r e a s i n g  t h e  num be r  o f  
p a r a m e t e r s  i n  each  e q u a t i o n  u n t i l  t h e  p r e d i c t e d  r e s u l t  m a t c h e s  
t h e  e x p e r i m e n t a l  r e s u l t .  The d a n g e r  a r i s i n g  f r o m  i n c r e a s i n g  
t h e  numbe r  o f  c o n s t a n t s ,  u n t i l  an a c c e p t a b l e  f i t  i s  o b t a i n e d ,  
i s  t h a t  e x p e r i m e n t a l  d a t a  i s  o f t e n  t o o  s c a r c e  o r  i n a c c u r a t e  
t o  j u s t i f y  t h e  use o f  many p a r a m e t e r s .  Thus  t h e  van  L a a r ,  
M a r g u l e s  and S c a t c h a r d  Hamer  e q u a t i o n s  i n  t h e i r  f a m i l i a r  
2 c o n s t a n t  f o r m  have  o n l y  two  e m p i r i c a l  c o n s t a n t s  w h i c h  
i s  a r e s u l t  o f  t r u n c a t i n g  t h e  Wohl  e x p a n s i o n  a f t e r  t h e  f i r s t  
t e r m  i n  t h e  case  o f  t h e  van  L a a r  e q u a t i o n  and  t h e  t h i r d  t e r m  
i s  t h e  case  o f  t h e  M a r g u l e s  and t h e  S e a t c h a r d - H a m e r  e q u a t i o n s .
As d e s c r i b e d  p r e v i o u s l y  i t  i s  t h e  i n t e n t i o n  d u r i n g  t h i s  w o r k  
t o  r e s t r i c t  t h e  numbe r  o f  p a r a m e t e r s  used  i n  any  e q u a t i o n  t o  
d e f i n e  t h e  s y s t e m ,  t o  t w o .  The t h r e e  s u f f i x  van L a a r  e q u a t i o n  
w o u l d  be e x p e c t e d  t o  be s u i t a b l e  f o r  t h i s  s y s t e m  s i n c e  - i t  has  
been d e r i v e d  f r o m  t h e  Wohl  e x p e n s i o n  a s s u m i n g  t h a t  t h e  m o l a r  
v o l u m e s  o f  t h e  two c o m p o n e n t s  a r e  d i s s i m i l a r .  I n  t h e  p a r t i c u l a r
case o f  t h e  MEK/H^O s y s t e m  t h e  m o l a r  v o l u m e s  a r e  i n  t h e  
a p p r o x i m a t e  r a t i o  o f  5 : 1 .  A u s e f u l  means o f  j u d g i n g  t h e  
s u i t a b i l i t y  o f  t h e  v an  L a a r  e q u a t i o n  f o r  a p a r t i c u l a r  
s y s t e m  i s  t o  r e a r r a n g e  i n t o  t h e  f o l l o w i n g  f o r m :
x i 2 I n  y i  □
--------------------   = x  = c o n s t a n t  ( 2 . 2  -  30)2 i nx 2 I n  Y 2
A p l o t  o f  t h e  l e f t  hand s i d e  o f  t h i s  e q u a t i o n ,  as 
c a l c u l a t e d  f r o m  e x p e r i m e n t a l  d a t a ,  a g a i n s t  x i  w i l l  be 
l i n e a r ,  i f  t h e  e q u a t i o n  i s  s u i t a b l e .
The t h r e e  s u f f i x  M a r g u l e s  e q u a t i o n  w o u l d  be l e s s  l i k e l y  
t o  r e p r e s e n t  t h e  s y s t e m  w e l l  s i n c e  i t  i s  d e r i v e d  f r o m  t h e  
Wohl  e x p a n s i o n  a s s u m i n g  t h a t  t h e . m o l a r  v o l u m e s  o f  b o t h  
c o m p o n e n t s  a r e  e q u a l .  R e a r r a n g e m e n t  o f  t h e  M a r g u l e s  e q u a t i o n  
a g a i n  p r o v i d e s  a means by w h i c h  an o b j e c t i v e  d e c i s i o n  may be 
r e a c h e d .
-^ ■n ^ 1 + -  B-A = c o n s t a n t  ( 2 . 2  -  31)
x 2 2 X i 2
A g a i n ,  a p i o t  o f  e x p e r i m e n t a l l y  o b t a i n e d  v a l u e s  o f  t h e  
l e f t  hand  s i d e  o f  t h e  e q u a t i o n  a g a i n s t  x i  w i l l  be l i n e a r  i f  
t h e  e q u a t i o n  i s  s u i t a b l e .  R e g r e t t a b l y  t h e  o n l y  means a v a i l a b l e  
by  w h i c h  v a l u e s  o f  t h e  a c t i v i t y  c o e f f i c i e n t s  may be o b t a i n e d  
f r o m  t h e  t i e  l i n e  d a t a  o b t a i n e d  i n  t h i s  w o r k  i s  v i a  t h e  
c h o s e n  a l g e b r a i c  f u n c t i o n  w h i c h  a u t o m a t i c a l l y  p r e s u p p o s e s  
i t s  s u i t a b i l i t y  t o  a c e r t a i n  e x t e n t .
The a c c u r a c y  o f  t h e  c a l c u l a t i o n  o f  a c t i v i t y  c o e f f i c i e n t  
d a t a  f r o m  m u t u a l  s o l u b i l i t i e s  i s  v e r y  s e n s i t i v e  t o  t h e  
a l g e b r a i c  f u n c t i o n  c h o s e n  t o  r e p r e s e n t  t h e  e x c e s s  G i b b s  e n e r g y .  
As shown by  B r i a n  ( 8 5 )  t h e  M a r g u l e s  e q u a t i o n  p e r f o r m s  p o o r l y ,  
c om pa r ed  w i t h  t h e  van  L a a r  e q u a t i o n ,  when used  f o r  s t r o n g l y
a s y m m e t r i c  s y s t e m s ,  t h a t  i s  t o  s a y  i n  s y s t e m s  w h e r e  t h e  
r a t i o  o f  t h e  m o l e  f r a c t i o n  o f  c o m p o n e n t  1 i s  t h e  f i r s t  
p h a s e  t o  t e *  m o l e  f r a c t i o n  o f  c o m p o n e n t  2 i n  t h e  s e c o n d  pha se  
i s  f a r  r e m o ve d  f r o m  u n i t y .  F o r  t h e  MEK/h^O s y s t e m  a t  1 a tm 
and 1DD°C t h i s  r a t i o  i s  a p p r o x i m a t e l y  11 ,  t h e  i n f e r e n c e  
b e i n g  t h a t  t h e  v an  L a a r  w o u l d  be t h e  more  s u i t a b l e  e q u a t i o n  
o f  t h e  t w o .
The S e a t c h a r d - H a m e r  e q u a t i o n  i s  s i m i l a r  i n  f o r m  t o  t h e  . 
t h r e e  s u f f i x  M a r g u l e s  e q u a t i o n ,  t h e  d i f f e r e n c e s  b e i n g  t h a t  
t h e  m o l e  f r a c t i o n  x i s  r e p l a c e d  by  t h e  v o l u m e  f r a c t i o n ,  z ,  
and a l s o  t h e  r a t i o  o f  t h e  m o l a r  v o l u m e s  f o r  t h e  two  c o m p o n e n t s  
a r e  i n c l u d e d  i n  t h e  e x p r e s s i o n  f o r  I n  y i  w h i l e  A and B r e m a i n  
t h e  o n l y  two  a d j u s t a b l e  p a - r a m e t e r s  a t h i r d  p a r a m e t e r  i s  
p r e s e n t ,  n a m e l y  v 2/ v , w h i c h  w h i l e  i t  i s  n o t  a d j u s t a b l e ,  
m u s t  be d e t e r m i n e d  f o r  each  s e t  o f  t e m p e r a t u r e  and p r e s s u r e  
c o n d i t i o n s .  As shown i n  t h e  p r e v i o u s  s e c t i o n  t h e  S c a t c h a r d -  
Hamer  e q u a t i o n ,  l i k e  t h e  v an  L a a r  e q u a t i o n ,  p e r f o r m s  w e l l  w i t h  
h i g h l y  a s y m m e t r i c  s y s t e m s ,  b u t  b e c a u s e  o f  t h e  p r e s e n c e  o f  
t h e  t h i r d  p a r a m e t e r  v 2/ v > u se  has  n o t  been  c o n s i d e r e d  f u r t h e r .
F i n a l l y ,  t h e  R e d l i c h - K i s t e r  e q u a t i o n  i s  c o n s i d e r e d .
S e c t i o n  2 . 2 . 2 . b shows t h a t  t h i s  e q u a t i o n  i s  c a p a b l e  o f  
r e p r e s e n t i n g  c o m p l e x  s y s t e m s  by t h e  e x p e d i e n t  o f  a d d i n g  t e r m s  
as t h e  c o m p l e x i t y  o f  t h e  m i x t u r e  i n c r e a s e s .  The MEK/H2 O 
s y s t e m  has f e a t u r e s  w h i c h  make i t  a c o m p l e x  m i x t u r e :  t h e  
k e t o n e  can a c t  as a weak p r o t o n  a c c e p t o r )  w a t e r  has a t e n d e n c y  
t o  f o r m  h y d r o g e n  b o n d s )  a l s o  t h e  l a r g e  d i f f e r e n c e  i n  t h e  
m o l a r  v o l u m e s  o f  t h e  t wo  c o m p o n e n t s  w i l l  be o f  s i g n i f i c a n c e .
I t  was shown i n  S e c t .  2 . 2 . 2 . b  how t h e  b i n a r y  m i x t u r e  
b e n z e n e / i s o o c - t a n e , c o m p l e x  o n l y  i n  t h a t  t h e  r a t i o  o f  m o l a r  
v o l u m e s  was 1 , 8 6  a t  2 5 ° C ,  r e q u i r e d  two p a r a m e t e r s  i n  e q u a t i o n
( 2 , 2  -  29)  t o  r e p r e s e n t  t h e  m i x t u r e ’ s c h a r a c t e r i s t i c s  
a d e q u a t e l y  ( 9 4 )  . A g a i n ,  u n f o r t u n a t e l y ,  t h e  t i e  l i n e  d a t a  
o b t a i n e d  i n  t h i s  w o r k  c a n n o t  be u t i l i z e d  t o  e s t a b l i s h  t h e  
num be r  o f  p a r a m e t e r s  r e q u i r e d  i n  t h e  R e d l i c h - K i s t e r  e q u a t i o n 1 
t o  r e p r e s e n t  t h e  MEK/b^O s y s t e m  s a t i s f a c t o r i l y .  I t  may be 
c o n c l u d e d ,  h o w e v e r ,  t h a t  s i n c e  t h i s  s y s t e m  has t e n d e n c i e s  
t o w a r d s  h y d r o g e n  b o n d i n g ,  p r o t o n  a c c e p t i n g  and a l s o  
d i f f e r e n c e s  i n  m o l a r  v o l u m e s ,  t h e n  mo re  t h a n  t wo  p a r a m e t e r s  
w o u l d  be r e q u i r e d  i n  t h e  R e d l i c h - K i s t e r  e q u a t i o n  w h i c h  w i l l ,  
t h e r e f o r e ,  n o t  be c o n s i d e r e d  f u r t h e r .
2 .  2 .  5 Q u a s i - c h e m i c a l  E q u a t i o n s
a)  The F l o r y  H u g g i n s  E q u a t i o n  ^
T h i s  e q u a t i o n  was d e r i v e d  f o r  l i q u i d  m i x t u r e s  w h e r e  t h e  
m o l e c u l e s  o f  one c o m p o n e n t  d i f f e r  g r e a t l y  i n  s i z e  f r o m  t h o s e  
o f  t h e  o t h e r  c o m p o n e n t ,  f o r  e x a m p l e  p o l y m e r s  i n  l i q u i d  s o l v e n t s  
A d e f i n i t i o n  o f  t h e  G i b b s  f r e e  e n e r g y  i s :
G = H -  TS ( 2 . 2  -  32 )
The r e g u l a r  s o l u t i o n  t h e o r y  c o n c e r n e d  i t s e l f  w i t h  a c c o u n t i n g  
f o r  t h e  e n t h / a l p y  t e r m  i n  e q u a t i o n  ( 2 . 2  - 3 2 )  and assumed t h a t  
t h e  e n t r o p y  o f  m i x i n g  was z e r o .  When d e a l i n g  w i t h  p o l y m e r  
s o l u t i o n s ,  t h e  e n t r o p y  o f  m i x i n g  i s  c o n s i d e r e d  and  t h e  h e a t  
o f  m i x i n g  assumed t o  be z e r o .  Such s o l u t i o n s  a r e  c a l l e d  
a t h e r m a l  and  t h e  f o l l o w i n g  e q u a t i o n  was d e r i v e d  i n d e p e n d e n t l y  
by FLORY ( 8 7 )  and HUGGINS ( 8 8 )  t o  d e s c r i b e  t h e i r  b e h a v i o u r :
•AG m i x  _AS m i x  ^ , cn n— ----      = — n j I n  <p j  — 02 l n (p2 ( 2 . 2  -  33J
w h e r e :  (f>! = n i
n i +mn2
v o l u m e  f r a c t i o n s .
(f> 2 = rnn 2
n 1 +rnn2
n i  = num be r  m o l e s  o f  s o l v e n t  
n 2 = numbe r  m o l e s  o f  p o l y m e r
m = V2 /  , t h e  r a t i o  o f  m o l a r  v o l u m e s  o f  t h e  p o l y m e r  and
t h e  s o l v e n t .
c-t
S i n c e  p o l y m e r  s o l u t i o n s  a r e  n o t  a t h e r m a l ,  e q u a t i o n  ( 2 . 2  - 3 3 )  
i s  c o r r e c t e d  f o r  use on r e a l  s y s t e m s  by a d d i n g  a s e m i - e m p i r i c a l  
t e r m  f o r  t h e  e n t h a l p y  o f  m i x i n g  w h i c h  i s  s e t  p r o p o r t i o n a l  t o  
t h e  v o l u m e  o f  t h e  s o l u t i o n  and t h e  p r o d u c t  o f  t h e  v o l u m e  
f r a c t i o n s :
AQ m i x  _ n in(()1+ n 2 1 n-$ 2 +x  <|> j  <|> 2 ( n 1 +mn2 ) ( 2 . 2 .  -  34 )
RT
w h e r e  X = F l o r y  i n t e r a c t i o n  p a r a m e t e r ,  d e t e r m i n e d  by 
i n t e r m o l e c u l a r  f o r c e s  b e t w e e n  m o l e c u l e s  i n  t h e  s o l u t i o n .
b)  W i l s o n  E q u a t i o n . ( 8 9 )
The c a s e  was c o n s i d e r e d  w h e r e  t h e  m o l e c u l e s  o f  t h e  
c o m p o n e n t s  d i f f e r e d ,  n o t  o n l y  i n  s i z e ,  b u t  a l s o  i n  t h e i r  
i n t e r m o l e c u l a r  f o r c e s .  The i d e a  o f  l o c a l  c o m p o s i t i o n  was 
i n t r o d u c e d  w h e r e b y  t h e  p r o b a b i l i t y  was c o n s i d e r e d  o f  f i n d i n g  
m o l e c u l e s  o f  one t y p e  r e l a t i v e  t o  a c e n t r a l  m o l e c u l e  o f  t h e  
o t h e r  t y p e .  On t h i s  b a s i s  l o c a l  v o l u m e  f r a c t i o n s  w e r e  d e f i n e d  
and w e r e  s u b s t i t u t e d  i n t o  t h e  F l o r y - H u g g i n s  e q u a t i o n  ( 2 . 2  -  3 3 ) ,  
and t h e  m o d i f i e d  F l o r y - H u g g i n s  e q u a t i o n  becomes :
fr
g m i x  _ X i  1 n ( x 1 + Ax 2 ) +x 2 1 n ( B x 1 +X2 ) ( 2 . 2  -  35 )
RT
w h e r e :  A = v 2 e x p [ - ( A i 2 X 1 1 ) ]  ( 2 . 2  -  36)
RT
and B = v_^  exp [ -  ( A1 2~A22) ] (2 .2 - 37)
v 2 RT
w h e r e  i s  r e l a t e d  t o  t h e  p o t e n t i a l  e n e r g y  o f  a p a i r  o f  m o l e c u l e s
c o n s i s t i n g  o f  one o f  t y p e  ( i )  and one o f  t y p e  ( j ) .
The a c t i v i t y  c o e f f i c i e n t s  a r e  g i v e n  b y :
A
l nY i  - - I n ( x i + A x 2 ) +x 2 [ ------- B ( 2 . 2 .  -  38)
X i +Ax 2 B X j + X jj
l n Y 2 = - ln  ( x2 +B x i ) -Xj B x 1+X 2 ( 2 . 2 .  -  39)
The e q u a t i o n s  p r o v i d e  good  r e p r e s e n t a t i o n s  o f  e x c e s s  
G i b b s  e n e r g i e s  f o r  a v a r i e t y  o f  m i s c i b l e  m i x t u r e s ,  p a r t i c u l a r l y  
a s y m m e t r i c  s y s t e m s .  D a t a  a n a l y s e d  by Ory e  ( 9 0 )  f o r  many 
s y s t e m s  showed t h a t  W i l s o n ’ s e q u a t i o n  r e p r e s e n t e d  t h e '  d a t a  
w e l l  and i n  many c a s e s  b e t t e r  t h a n  t h e  v an  L a a r  o r  M a r g u l e s  
e q u a t i o n s .  The l a t t e r  two  e q u a t i o n s  m u s t  be m o d i f i e d  w i t h  a 
t h i r d  c o n s t a n t  t o  f i t  t h e s e  s y s t e m s ,  p a r t i c u l a r l y  a s y m m e t r i c
W i l s o n ’ s e q u a t i o n  c a n n o t  r e p r e s e n t  a c t i v i t y  c o e f f i c i e n t
d a t a  w h i c h  hav e  a maximum o r  m i n i m u m ,  n e i t h e r  can i t  p r e d i c t
p a r t i a l  m i s c i b i l i t y .  From e q u a t i o n  ( 2 . 2  -  35)  t h e  m i x t u r e  w i l l
be c l o s e  t o  s e p a r a t i o n  as t h e  c o n s t a n t s  a p p r o a c h  u n i t y ,  b u t
i n  t h i s  l i m i t  t h e  e x c e s s  f r e e  e n e r g y  becomes e q u a l  and  o p p o s i t e
t o  t h e  i d e a l  f r e e  e n e r g y  o f  m i x i n g ,  t h e r e f o r e  t h e  f r e e  e n e r g y
o f  m i x i n g  becomes e q u a l  t o  z e r o  a t  a l l  c o m p o s i t i o n s .  T h e r e f o r e
W i l s o n  s u g g e s t e d  m u l t i p l y i n g  t h e  r i g h t  hand  s i d e  o f  e q u a t i o n
( 2 . 2 .  -  35)  by  a c o n s t a n t  ( 8 9 )  when t h i s  m o d i f i e d  e q u a t i o n  was
used  on t h e  p a r t i a l l y  m i s c i b l e  b u t y l  a l c o h o l - w a t e r  s y s t e m ,  t h e
s o l u b i l i t y  l o o p  f i t t e d  t h e  e x p e r i m e n t a l  d a t a  f a i r l y  w e l l .  ( 7 7 )
The E n t h a l p i c  W i l s o n  e q u a t i o n  i s  a f u r t h e r  m o d i f i c a t i o n
o f  t h e  o r i g i n a l  W i l s o n  e q u a t i o n .  I t  i s  d e r i v e d  on t h e  b a s i s
Eo f  a r e g u l a r  s o l u t i o n  ( i . e .  a s s u m i n g  S =0)  and t h e  f o l l o w i n g  
e q u a t i o n  r e s u l t s :
o n e s .
g E _ x 2 I n  AB ( 2 . 2 .  - 4 D )
( X 1 +Ax 2 ) ( X . 2  +Bx 1 )
D i f f e r e n t i a t i n g  t h e  a b o v e  e q u a t i o n  y i e l d s  t h e  a c t i v i t y  
c o e f f i c i e n t :
1 BI n  y i  = *■ x 2 I n  AB_______. j-1+x
( X i  +AX2) ( x 2 +B x ! )
1 -
( x i +Ax 2 ) ( x 2 +Bx i )
] ( 2 . 2 .  -  41 )
The use  o f  t h i s  e q u a t i o n  has been  i n v e s t i g a t e d  by  B r u i n  (72) 
and a l s o  M c C a n n , (73)
c)  The Segment  I n t e r a c t i o n  E q u a t i o n  -  H e i l ’ s e q u a t i o n .  ( 9 3 )
An e q u a t i o n  was p r o p o s e d  f o r  s o l u t i o n s  o f  p o l y m e r s  w i t h  
i n t e r a c t i o n s  b e t w e e n  l i k e  and u n l i k e  m o l e c u l e s .  The F l o r y -  
H u g g i n s  e q u a t i o n  i s  u n s a t i s f a c t o r y  f o r  t h i s  a p p l i c a t i o n  s i n c e  
t h e  p a r a m e t e r  X i s  a s t r o n g  f u n c t i o n  o f  c o m p o s i t i o n .  The 
s e g m e n t  i n t e r a c t i o n  e q u a t i o n  makes use o f  t h e  l o c a l  v o l u m e  
c o n c e p t  o f  W i l s o n  by  c o n s i d e r i n g  t h e  l o c a l  v o l u m e  f r a c t i o n s  
a b o u t  m o l e c u l e s  o f  t h e  same c o m p o n e n t  and m o l e c u l e s  o f  
d i f f e r e n t  c o m p o n e n t s .  The r e s u l t i n g  e q u a t i o n s  r e d u c e  t o  t h e  
F l o r y - H u g g i n s  e q u a t i o n  when t h e  d i f f e r e n c e  i n  t h e  i n t e r a c t i o n  
e n e r g y  p a r a m e t e r s  i s  s m a l l .  The r e s u l t i n g  e q u a t i o n  i s :
— = Xi l n e i i +  mx2 In- e 12 + ( l~m) X2 In cf>2
( g i 2 - g n ) '  ( g i 2 “ g 2 2 ) (2 2 - 42)
+ X i e 2 i- ----------------------  + m x 2 £ i 2  ---------------
RT RT
The e q u a t i o n  was t e s t e d  a g a i n s t  t h e  e x p e r i m e n t a l  d a t a  o f  
p o l y s t y r e n e  d i s s o l v e d  i n  m i x e d  s o l v e n t s :
a)  A c e t o n e  -  t o l u e n e
b)  A c e t o n e  -  b en zene
c )  M e t h a n o l  -  b en z e n e
d)  M e t h a n o l  -  e t h y l  a c e t a t e .
e)  A c e t o n e  -  m e t h y l c y c l o h e x a n e .
Cl
V a l u e s  o f  t h e  i n t e r a c t i o n  e n e r g i e s  w e r e  o b t a i n e d  f r o m  
d a t a  o f  t h e  n e c e s s a r y  b i n a r y  s y s t e m s .  The e x p e r i e m e n t a l  d a t a
b u t  i n  ( d )  and  ( e )  t h e  p r e d i c t i o n  was o n l y  f a i r .
d)  The N o n - r a n d o m  Two l i q u i d  e q u a t i o n .
Two t y p e s  o f  c e l l s  w e r e  c o n s i d e r e d  t o  be p r e s e n t  i n  a
b i n a r y  m i x t u r e .  The f i r s t  has a m o l e c u l e  o f  1 a t  i t s  c e n t r e  
w h i c h  i s  s u r r o u n d e d  by  m o l e c u l e s  o f  c o m p o n e n t s  1 and  2 .  The 
o t h e r  has-, a m o l e c u l e  o f  2 a t  i t s  c e n t r e  s i m i l a r l y
s u r r o u n d e d  w i t h  m o l e c u l e s  o f  c o m p o n e n t s  1 a n d 2 .  The
G i b b s  e n e r g i e s  w e r e  assumed t o  be r e l a t e d  t o  t h e  l o c a l  m o l e  
f r a c t i o n s  and p a r a m e t e r s  c h a r a c t e r i s t i c  o f  t h e  i n t e r a c t i o n s  
b e t w e e n  t h e  m o l e c u l e s  1 and 2 .  The m o l a r  G i b b s  e x c e s s  
e n e r g y  was f o u n d  by c o n s i d e r i n g  the-  c h a n ge  i n  r e s i d u a l  G i b b s  
f r e e  e n e r g y  w h i c h  r e s u l t s  f r o m  t r a n s f e r r i n g  X i  m o l e s  o f  
c o m p o n e n t  1 f r o m  p u r e  c o m po n en t  1 t o  c e l l s  o f  t h e  m i x t u r e ,  
l i k e w i s e  f o r  c o m p o n e n t  2 .  Renon ( 9 2 )  assumed l o c a l  m o l e  
f r a c t i o n s  s i m i l a r  t o  W i l s o n ’ s a s s u m p t i o n  e x c e p t  t h a t  t h e  
p a r a m e t e r  a was i n c l u d e d  i n  t h e  e x p o n e n t i a l  p a r t .  T h i s  a c c o u n t s  
f o r  t h e  t e n d e n c y ,  o f  t h e  m o l e c u l e s  n o t  t o  m i x  i n  a c o m p l e t e l y  
r a ndo m f a s h i o n .
The e x c e s s  G i b b s  e n e r g y  i s  g i v e n  b y :
o f  ( a ) , ( b )  and ( c )  w e r e  w e l l  r e p r e s e n t e d  by  t h e  e q u a t i o n
x i x 2[  f  + — r — f—  3x i + x 2 G 2 i  x 2 +x i G i 2
T21G21 . t 2 1  0 12
( 2 . 2 .  -  43 )
w h e r e  t 12  = Cg i 2 “ g 2 2 )
RT ( 2 . 2 .  -  44 )
T Z1 ~ C g2 1~ g 1 1 )
RT ( 2 . 2  -  45 )
G1 2 = e x p ( - a  12 t  1 2 ) 
G2 i  -  e x p ( - a 2 1 t 2 1 ) ( 2 . 2  -  47 )
( 2 . 2 .  -  46 )
and the activity coefficients are given by:
I n  Yi  = x 2 V 2 i , e x p ( - a i 2 T 2 i )  A T i 2 e x p ( - a i  2 t i  2)    2 :
[ X i + x 2 exp C- a i  2 r 2 1) ] [x-2 +x i  exp ( - a i  2 Ti  2 ) ]
( 2 . 2 .  -  48 )
Zf
I n  y 2 = X i 2
. [ x 2 + x i e x p ( - a 12t  1 2 ) ]  [ x i * x 2exp("Ot i2T 2 i ) ] 2 ,
t ! 2 . e x p ( - a i 2T i 2 ) + t 2 i e x p ( - a i 2 T 2 1 )
12
( 2 . 2 .  -  49 )
On c o n s i d e r i n g  a s y m e t r i c  s y s t e m ,  c o m p a r i s o n  o f  t h e  
NRTL,  w i t h  t wo  d i f f e r e n t  v a l u e s  o f  a i 2 , t h e  van  L a a r ,
H e i l  and W i l s o n  e q u a t i o n s  showed t h a t  f o r  t h e  same s y s t e m  
d i f f e r e n t  e x c e s s  G i b b s  f r e e  e n e r g i e s  w e r e  p r e d i c t e d  by  t h e s e  
e q u a t i o n s .  The G i b b s  e n e r g y  o f  m i x i n g  c u r v e  showed a maximum 
and t wo  m i n i m a  f o r  t h e  van  L a a r ,  NRTL ( w i t h  a i 2 = 0 . 2 5 )  and 
H e i l  e q u a t i o n s  and so p r e d i c t e d  p h a se  s p l i t t i n g .  The m u t u a l  
s o l u b i l i t i e s  a r e  s m a l l  i n  t h e  c a s e  o f  v an  L a a r  and a r e  l a r g e r  
w i t h  t h e  NRTL ( o i i 2 =0« 2 5 )  and H e i l  e q u a t i o n s .  Thus  t h e  l o c a l  
c o m p o s i t i o n  e q u a t i o n s  c om pa r ed  w i t h  t h e  v an  L a a r  e q u a t i o n  
have  a l o w e r  maximum f o r  t h e  e x c e s s  G i b b s  e n e r g y  and t h e r e b y  
r e d u c e  t h e  t e n d e n c y  t o w a r d  p h a se  s p l i t t i n g .  The same t e n d e n c y  
was o b s e r v e d  f o r  n o n s y m e t r i c  s y s t e m s .
I n  an a t t e m p t  t o  r e p r e s e n t  a c c u r a t e l y  t h e  b i n a r y  v a p o u r  
l i q u i d  e q u i l i b r i a  o f  s t r o n g l y  n o n - i d e a l  s y s t e m s ,  t h e  v a p o u r  
l i q u i d  e q u i l i b r i u m  d a t a  o f  s i x t y  b i n a r y  s y s t e m s  w e r e  c a l c u l a t e d  
and c o m p ar e d  w i t h  e x p e r i m e n t a l  r e s u l t s .  D u r i n g  t h e  c o u r s e  o f  
t h i s  w o r k  t h e  s y s t e m s  w e r e  d i v i d e d  i n t o  e i g h t  g r o u p s  d e p e n d i n g  
on t h e  c h e m i c a l  n a t u r e  o f  t h e  t wo  c o m p o n e n t s .
I t  was f o u n d  t h a t  t h e  NRTL e q u a t i o n  g a v e  t h e  b e s t  f i t  
f o r  a l l  t y p e s  o f  s y s t e m  c o n s i d e r e d ,  p r o v i d e d  a p r o p e r  v a l u e  
o f  cliz was c h o s e n .  S i n c e  t h e  v a l u e  o f  f l a t t e n s  t h e  e x c e s s
G i b b s  e n e r g y  c u r v e ,  i t  can r e p r e s e n t  t h e  s y s t e m  a c c u r a t e l y  
and n o t  p r e d i c t  f a l s e  p h a s e  s p l i t t i n g .  A v a l u e  o f  
may be c h o s e n  a c c o r d i n g  t o  t h e  t y p e  o f  s y s t e m ,  as s p e c i f i e d  
i n  t h e  a b o v e  r e f e r e n c e ,  o r  i f  t h e  e x p e r i m e n t a l  d a t a  a r e  
s u f f i c i e n t l y  p l e n t i f u l  and  a c c u r a t e ,  may be l e f t  t o
f l o a t  and a t h r e e  p a r a m e t e r  e q u a t i o n  r e s u l t s .
A s t u d y  o f  t w e l v e  p a r t i a l l y  m i s c i b l e  b i n a r y  l i q u i d - l i q u i d  
s y s t e m s  ( o n e  c o m p o n e n t  p o l a r ,  t h e  o t h e r  a h y d r o c a r b o n )  showed 
t h a t  b o t h  t h e  H e i l  and  NRTL e q u a t i o n s  c o u l d  be used  f o r  t h i s  
t y p e  o f  s y s t e m .  The p a r a m e t e r s  o f  t h e s e  t wo  e q u a t i o n s  w e r e  
f o u n d  t o  be l i n e a r  f u n c t i o n s  o f  t e m p e r a t u r e  and c o n s i s t e n t  
w i t h  p a r a m e t e r s  d e r i v e d  f r o m  t h e  v a p o u r  l i q u i d  e q u i l i b r i u m  d a t a  
f o r  t h e  s y s t e m .  T h e r e f o r e  t h e  v a p o u r  l i q u i d  e q u i l i b r i u m  d a t a  
can be p r e d i c t e d  f r o m  t h e  l i q u i d - l i q u i d  d a t a .
e)  D r y e  E q u a t i o n
Ory e  ( 7 5 )  o b t a i n e d  an e x p r e s s i o n  f o r  t h e  e x c e s s  G i b b s  
f r e e  e n e r g y  as f o l l o w s :
E
-2— = -  x i  I n  ( x i  +Ax 2 ) - x 2 I n  ( x 2 + 3 x i )
RT
x 2 I n  AB
--------------------------------------------------------- ( 2 . 2 -  50)
( x i +Ax 2 ) ( x 2 +Bx i  )
a n d ,  on d i f f e r e n t i a t i n g  t h i s  e q u a t i o n  a c c o r d i n g  t o  e q u a t i o n  
( 2 . 1 .  -  33.) t h e  a c t i v i t y  c o e f f i c i e n t  i s  o b t a i n e d :
In  Y i  = -  I n  ( x i  +Ax 2 ) + x 2 [     -  ---------------  ]
( x i +Ax 2 ) ( x 2 +Bx i )
X t I n  AB n
”  — ---------------------------- c i +x ! ( i  -------------- — ^—  ) :
( x i + A x 2 ) ( x 2 + B x i ) ( x i + A x 2 ) ( x 2 - Bx j )
( 2 . 2  -  51)
B r u i n  ( 7 2 )  has e x a m i n e d  t h e  use  o f  t h i s  e q u a t i o n  on v a p o u r -  
l i q u i d  e q u i l i b r i u m  d a t a  f o r  s i x t e e n  d i f f e r e n t  b i n a r y  s y s t e m s .
McCann ( 7 3 )  d e r i v e d  a m o d i f i e d  v e r s i o n  o f  t h e  o r i g i n a l  
O ry e  e q u a t i o n  w h i c h  e f f e c t i v e l y  i n v o l v e s  t h e  m u l t i p l i c a t i o n  
o f  t h e  t h i r d  t e r m  on t h e  r i g h t  hand s i d e  o f  e q u a t i o n s  ( 2 . 2  -  50)  
and ( 2 . 2  -  51)  by a c o n s t a n t  K. when t e s t e d  on t h e  v a p o u r -  
l i q u i d  d a t a  o f  f o r t y  n i n e  d i f f e r e n t  b i n a r y  s y s t e m s  i t  was f o u n d  
t h a t  t h e  W i l s o n ,  IMRTL and m o d i f i e d  O ry e  e q u a t i o n s  a l l  p e r f o r m e d  
w i t h  a s i m i l a r  am ou n t  o f  s u c c e s s .
The v a l u e  o f  K was d e t e r m i n e d  f o r  s i x  a q u e o u s ,  p a r t i a l l y  
m i s c i b l e  v a p o u r - l i q u i d  s y s t e m s .  Such s y s t e m s  w e r e  c h o s e n  s i n c e  
K was t h o u g h t  t o  be s i g n i f i c a n t  i n  s y s t e m s  s h o w i n g  a l a r g e  
d e g r e e  o f  n o n - r a n d o m n e s S .  An a v e r a g e  v a l u e  f o r  K o f  0 . 1  was 
d e d u c e d  f o r  t h e  s i x  s y s t e m s  c o n s i d e r e d .
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CHAPTER 3 
D e s c r i p t i o n  o f  A p p a r a t u s
3 . 1 .  T he H i g h  P r e s s u r e  Sy s t em
3 . 1 . 1 .  The P r e s s u r e  G e n e r a t o r
A hand pump,  m a n u f a c t u r e d  by P r e s s u r e  P r o d u c t s  I n c .
( U . K . )  L t d . ,  was u s e d ,  t h e  maximum p r e s s u r e  a t t a i n a b l e  b e i n g
75 ,  000 ps ;Lg . The p r e s s u r e s  were  d i s p l a y e d  on a Efurdon g a u g e .
A
No p r e s s u r e  i n t e n s i f i e r  was r e q u i r e d  t o  o b t a i n  p r e s s u r e s  i n  
t h e  a bo ve  r a n g e .  The p r e s s u r e  t r a n s m i t t i n g  f l u i d  was 
p e t r o l e u m  e t h e r  o f  b o i l i n g  f r a c t i o n  120 -  1 6 0 ° C .  T h i s  f l u i d  
was c h o s e n  b e c a u s e :
a )  I t  has  a v e r y  h i g h  e l e c t r i c a l  r e s i s t a n c e ,  t h e
c o n d u c t i v i t y  g i v e n  i n  t h e  I n t e r n a t i o n a l  C r i t i c a l  T a b l e s
— i c  — V R —1 — 1
as b e i n g  i n  t h e  o r d e r  10 t o  10 ohm . cm
b)  I t  has  a h i g h  f r e e z i n g  p r e s s u r e  w h i c h  i s  n e c e s s a r y  t o  
p r e v e n t  t h e  s o l i d i f i c a t i o n  o f  t h e  p r e s s u r e  t r a n s m i t t i n g  
f l u i d  w i t h i n  t h e  a p p a r a t u s .  I t  i s  a r e a s o n a b l e  g e n e r a l  
a s s u m p t i o n  t h a t  t h e  f r e e z i n g  p o i n t  o f  t h e  f l u i d  i n c r e a s e s  
by  2 5 ° C / 1 0 0 0  ,
3 . 1 . 2 .  The P r e s s u r e  V e s s e l
The p r e s s u r e  v e s s e l  was m a n u f a c t u r e d  by  A u t o c l a v e  
E n g i n e e r s  I n c . ,  i t s  w o r k i n g  p r e s s u r e  b e i n g  6 0 , 0 0 0  . a t
4 0 0 ° F .  I t  was s e a l e d  by  means o f  a v i t o n  ’ O ’ r i n g  and 
P . T . F . E *  b a c k - u p  r i n g  w h i c h  were  r e t a i n e d  by a l a r g e  g l a n d  
n u t .  A f t e r  s e v e r a l  u n s u c c e s s f u l  a t t e m p t s  t o  s e a l  t h e  v e s s e l  
t h e  b a c k - u p  r i n g  was d i s p e n s e d  w i t h  and t h e  ’ O ’ r i n g  was 
t h e n  f o u n d  t o  s e a l  s a t i s f a c t o r i l y  a t  a l l  p r e s s u r e s .
The v e s s e l  had an  o u t s i d e  l e n g t h  o f  1 1 . 2 5  i n c h e s  and 
an o u t s i d e  d i a m e t e r  o f  6 i n c h e s ;  t h e  i n t e r i o r  had a 
d i a m e t e r  o f  2 i n c h e s  and a maximum d e p t h  o f  5 i n c h e s .  
E l e c t r i c a l  a c c e s s  t o  t h e  i n t e r i o r  was by means o f  t h r e e  
" K o v a c ” e l e c t r o d e s  w h i c h  we r e  s e c u r e d  i n t o  t h e  c o v e r  by 
means o f  c o r e  t y p e  f i t t i n g s .  The p r e s s u r e  t r a n s m i t t i n g  
f l u i d  e n t e r e d  t h r o u g h  a c o n n e c t i o n  i n  t h e  base  o f  t h e  
v e s s e l ,  and s am p l e  t u b e s  l e f t  by  way o f  a s i m i l a r  h o i e  
and c o n n e c t i o n  t h r o u g h  t h e  a x i s  o f  t h e  c o v e r .
3 . 1 . 3 .  P i p i n g
a ) G e n e r a l
S e a m l e s s  304 s t a i n l e s s  s t e e l  h i g h  p r e s s u r e  t u b i n g ,  
m a n u f a c t u r e d  by  A u t o c l a v e  E n g i n e e r s  I n c .  was u s e d .  The 
o u t s i d e  and i n s i d e  d i a m e t e r s  we re  0 . 2 5 0  i n c h e s  and 0 . 0 8 3  
i n c h e s  r e s p e c t i v e l y  and i t s  w o r k i n g  p r e s s u r e  was 6 0 , 0 0 0  p s i g . 
a t  1 0 0 °  F .
From t h e  pump t h e  h i g h  p r e s s u r e  p i p e  r a n  t o  an  i s o l a t i n g  
v a l v e  and t h e n  t o  a c r o s s .  The b o t t o m  a c c e s s  t o  t h e  c r o s s  
was p l u g g e d  w i t h  a s t a n d a r d  f i t t i n g ;  t h e  t o p  a c c e s s  was 
c o n n e c t e d  t o  t h e  base  o f  t h e  p r e s s u r e  v e s s e l  by a 2 . 7 5  i n c h  
n i p p l e .  The f o u r t h  a c c e s s  was f i t t e d  w i t h  a l e n g t h  o f  h i g h  
p r e s s u r e  t u b i n g  w h i c h  was b e n t  a t  a r i g h t  a n g l e  t o  r i s e  a b o v e  
t h e  t o p  o f  t h e  p r e s s u r e  v e s s e l ,  and t e r m i n a t e d  i n  a b u r s t i n g  
d i s c  h o l d e r .  The b u r s t i n g  d i s c  was r a t e d  a t  6 2 , 0 0 0  p s i g .  a t  
a t e m p e r a t u r e  o f  7 2 QF.
A l l  p i p e  c o n n e c t i o n s  we re  o f  t h e  AC cone  t y p e .  The t u b e  
was c h a m p e r e d  a t  an a n g l e  o f  5 8 ° ,  t h r e a d e d  w i t h  a l e f t  hand 
t h r e a d  and a c o l l a r  s c r e we d  o n .  A g l a n d  n u t  b e h i n d  t h e  
c o l l a r  f o r c e d  t h e  c h a m p e r e d  p a r t  o f  t h e  t u b e  i n t o  an  a n g l e  o f
6D~ i n  t h e  p a r t  t o  w h i c h  i t  was t o  oe c o n n e c t e a .  i ne  K m t e  eage 
f o r m e d  when t h e s e  t w o  s l i g h t l y  d i f f e r e n t  a n g l e s  we re  f o r c e d  
t o g e t h e r  f o r m e d  a j o i n t  c a p a b l e  o f  c o n t a i n i n g  t h e  maximum 
p r e s s u r e  used  i n  t h e s e  e x p e r i m e n t s .
b)  S e a l i n g  o f  C a p i l l a r y  T u b i n g
S t a i n l e s s  s t e e l  c a p i l l a r y  t u b i n g  was c h o s e n  t o  w i t h d r a w  
s a m p l e s  f r o m  w i t h i n  t h e  p r e s s u r e  v e s s e l  s i n c e  i t s  n a r r o w  b o r e  
w o u l d  a s s i s t  i n  c o n t r o l l i n g  t h e  v o l u m e  o f  l i q u i d  t a k e n  and have 
m in i mu m h o l d - u p .  The t w o  c a p i l l a r i e s  l e f t  t h e  p r e s s u r e  v e s s e l  
a l o n g  t h e  i n t e r i o r  o f  t w o  s h o r t  l e n g t h s  o f  h i g h  p r e s s u r e  t u b i n g  
w h i c h  were  t e r m i n a t e d  by  t w o  v a l v e s .  D e t a i l s  o f  t h i s  a r r a n g e m e n t  
a r e  g i v e n  i n  S e c t i o n  ( 3 . 3 . 1 - . b ) . -
I t  was n e c e s s a ' r y  t o  s e a l  t h e  c a p i l l a r y  s omewher e  i n  t h e  h i g h  
p r e s s u r e  t u b i n g ,  b e f o r e  t h e  v a l v e ,  i n  o r d e r  t o  p r e v e n t  h y d r a u l i c  
f l u i d  f r o m  l e a k i n g  i n t o  t h e  s a m p le  b e i n g  d rawn  o f f .  C o n t a m i n a t i o n  
o f  t h e  s am p l e  w i t h  h y d r a u l i c  f l u i d  w o u l d  n o t  o n l y  c au se  
c o n s i d e r a b l e  i n c o n v e n i e n c e  d u r i n g  i t s  a n a l y s i s  on t h e  g a s  
c h r o m a t o g r a p h  b u t  w o u l d  a l s o  a l t e r  t h e  e q u i l i b r i u m  p o r t i o n s  
o f  NEK and w a t e r  when i n  t h e  p r e s e n c e  o f  t h e  t h i r d  c o m p o n e n t .  I t  
was f o u n d  m o s t  c o n v e n i e n t  t o  make t h e  s e a l  w h e r e  t h e  t u b i n g  
e n t e r e d  t h e  v a l v e .  Of  t h e  s e v e r a l  m e t h o d s  t r i e d  t h e  m o s t  
s u c c e s s f u l  i s  i l l u s t r a t e d  i n  F i g . ( 3 - 1 ) .  B r a s s  b u s h e s  d r i l l e d  
a x i a l l y  w i t h  a h o l e  j u s t  l a r g e  e n o u gh  f o r  t h e  c a p i l l a r y  t o  p a s s  
t h r o u g h ,  were  s o l d e r e d  i n t o  each  end o f  t h e  t u b e .  The c a p i l l a r y  
was t h e n  s o l d e r e d  t o  t h e  b r a s s  b us h  a t  e ac h  e n d .  T h i s  a r r a n g e m e n t  
was f o u n d  t o  p r o v i d e  a s a t i s f a c t o r y  s e a l  t o  t h e  max imum p r e s s u r e
used  i n  t h e s e  c o m p o n e n t s .
From t h e  s a m p l e  h o l d e r  up t o  t h i s  s e a l  t h e  c a p i l l a r y  was
s u r r o u n d e d  by h y r a u l i c  f l u i d  a t  t h e  same p r e s s u r e ,  so t h a t  t h e r e  
was no p r e s s u r e  d i f f e r e n c e  a c r o s s  t h e  w a l l .  H o we ve r  i n  t h e  s p a ce  
be t w e e n  t h e  t wo  b r a s s  b u s h e s  t h e  c a p i l l a r y  e x p e r i e n c e s  
t h e  f u l l  p r e s s u r e  o f  t h e  s y s t e m  a c r o s s
o l d e rC a p i l l a r y .
B r a s s
P r e s s u r e
t u b in g
 (_ _  j-----------
b u s h
FIGURE ( .3-1)  Me thod  o f  s e a l i n g  t h e  c a p i l l a r y  
i n t o  t h e  h i g h  p r e s s u r e  n i p p l e
i t s  w a l l s ,  b u t  s i n c e  t h e  r a t i o  o f  t h e  o u t s i d e  d i a m e t e r  t o  
t h e  i n s i d e  d i a m e t e r  i s  3 : 1  ( t h e  same a s  t h e  0 . 2 5 0  i n c h  
p r e s s u r e  t u b i n g ) ,  i t  was c o n s i d e r e d  t h a t  t h e  c a p i l l a r y  
w o u l d  n o t  b u r s t .  D u r i n g  t h e  c o u r s e  o f  t h e  e x p e r i m e n t s  
t h e r e  was no e v i d e n c e  t o  p r o v e  t h i s  a s s u m p t i o n  w r o n g .
3 . 2 .  The C o n s t a n t  T e m p e r a t u r e  B a t h
3 . 2 . 1 .  D e s c r i p t i o n
The t a n k  was f a b r i c a t e d  f r o m  0 . 2 5  i n c h  t h i c k  m i l d  
s t e e l  p l a t e  w i t h  a l a r g e  l i p  a r o u n d  t h e  t o p  t o  c a t c h  a n y  
s p i l l a g e  t h a t  o c c u r r e d  on r e m o v i n g  a r t i c l e s  f r o m  t h e  t a n k .  
The  d i m e n s i o n s  o f  t h e  t a n k  were  1 2 ” x 1 8 ” x 3 ’ d ee p  and 
c o n t a i n e d  a p p r o x i m a t e l y  25 g a l l o n s  o f  s h e l l  SAE 30  m o t o r  
o i l .  The e x t r a  d e p t h  was a l l o w e d  f o r  t h e  i n c l u s i o n  o f  
e x t r a  e q u i p m e n t  i f  r e q u i r e d .  A v a l v e  a t  t h e  base  o f  t h e  
t a n k  a l l o w e d  t h e  o i l  l e v e l  t o  be k e p t  c o n s t a n t  d u r i n g  
a l t e r a t i o n s  i n  t h e  t e m p e r a t u r e  o f  t h e  o i l .  The  o u t s i d e  
f o u r  s i d e s  o f  t h e  t a n k  we re  l a g g e d  w i t h  g l a s s  w o o l  and  
e n c l o s e d  i n  a h a r d b o a r d  b o x .  A f r a m e w o r k  o f  w e l d e d ,  one  
i n c h  a n g l e  i r o n  r e s t e d  on t h e  b o t t o m  o f  t h e  t a n k  and  
s u p p o r t e d  t h e  p r e s s u r e  v e s s e l ,  e l e c t r i c  i m m e r s i o n  h e a t e r  
and s t i r r e r  m o t o r .  The t a n k  was f i t t e d  w i t h  a j i b  and 
h o i s t  w h i c h  a s s i s t e d  w i t h  t h e  l i f t i n g  o f  t h e  f r a m e ,  
t o g e t h e r  w i t h  a l l  i t s  a t t a c h m e n t s ,  f r o m  t h e  t a n k .
3 . 2 . 2 .  H e a t i n g  & C o n t r o l  S y s t e m
T h i s  s y s t e m  i s  shown s c h e m a t i c a l l y  i n  F i g .  ( 3 - 2 ) .
A m e r c u r y  c o n t a c t  t h e r m o m e t e r  i n  t h e  o i l  b a t h  a c t e d  a s  a 
s i m p l e  o n - o f f  d e v i c e  and f e d  b a c k  t o  a r e l a y  w h i c h  s u p p l i e d  
c u r r e n t  t o  a 5kw i m m e r s i o n  h e a t e r .  T h i s  h e a t e r  was m o u n t e d  
so t h a t  t h e  h e a t e r  e l e m e n t s  hung v e r t i c a l l y  i n  t h e  o i l  b a t h .  
The o i l  was s t i r r e d  by a c o n s t a n t  r a t e d  0 . 2 5  hp .  e l e c t r i c
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m o t o r  r u n n i n g  a t  940  r p m . The s t i r r e r  s h a f t  was f i t t e d  w i t h  
t w o  i m p e l l e r s ,  one a t  t h e  base  and t h e  o t h e r  h a l f  way up,  
and a d e q u a t e  movement  o f  t h e  o i l  was a c h i e v e d .
A s u r f a c e  t h e r m o s t a t  was c l a m p e d  t o  t h e  o u t s i d e  o f  t h e  
t a n k  and was s e t  a t  1 20 °C .  I t  f e d  bac k  t o  t h e  r e l a y  and 
w o u l d  s h u t  o f f  t h e  h e a t e r  i f  t h e  p r i m a r y  c o n t r o l  s y s t e m  
f a  i l e d . •
U s i n g  t h e  abo ve  s y s t e m  i t  was f o u n d ,  by  means o f  a 
c o p p e r - c o n s t a n t i n  t h e r m o c o u p l e ,  p l a c e d  i n  a s p e c i a l l y  
made w e l l  i n  t h e  w a l l  o f  t h e  p r e s s u r e  v e s s e l ,  i n  c o n j u n c t i o n  
w i t h  a c h a r t  r e c o r d e r ,  t h a t  t h e  t e m p e r a t u r e  o f  t h e  b a t h  
v a r i e d  b y '  0 . 1 ° C  a t  5 0 ° C .
3 . 3 .  Sample H o l d e r s
3 . 3 . 1 .  E q u i l i b r i u m  D a t a  Sample H o l d e r
a ) D e s c r i p t i o n
I n  d e s i g n i n g  t h i s  p a r t  o f  t h e  e q u i p m e n t  a numbe r  o f  
r e q u i r e m e n t s  had t o  be f u l f i l l e d :
i )  Means m u s t  be p r o v i d e d  f o r  s a m p l e s  o f  b o t h  p h a s e s  t o  
be r e mo ved  w h i l e  t h e  a p p a r a t u s  i s  s t i l l  p r e s s u r i s e d ,  
i i )  S i n c e  s a m p l e s  were  t o  be r e m o ve d  f r o m  i t ,  i t s  v o l u m e  
m u s t  be a b l e  t o  c h a n g e ,  
i i i )  I t  m u s t  be c o m p l e t e l y  l e a k  p r o o f  s i n c e  a n y  l e a k a g e  o f  
h y d r a u l i c  f l u i d  i n w a r d s  w o u l d  c h a n g e  t h e  e q u i l i b r i u m  
c o m p o s i t i o n  o f  t h e  t w o  p h a s e s ,  
i v )  F o r  e q u i l i b r i u m  t o - b e  a t t a i n e d  i n  r e a s o n a b l e  t i m e  i t s  
c o n t e n t s  m us t  be s t i r r e d  
v )  The w h o l e  a p p a r a t u s  mus t  f i t  i n t o  a space  2 i n c h e s  d i a m e t e r  
and 5 ' i n c h e s  a t  i t s  maximum l e n g t h .
A Number  o f  u n s u c c e s s f u l  a t t e m p t s  q t  d e s i g n i n g  and
b u i l d i n g  a p p a r a t u s  t o  t h e  a b o v e  r e q u i r e m e n t s  e v e n t u a l l y  
r e s u l t e d  i n  t h e  f i n a l  s u c c e s s f u l  v e r s i o n  as  shown i n  F i g ( 3 - 3 ) .
The m a i n  body  o f  t h e  v e s s e l  ( 1 )  was t u r n e d  f r o m  a p i e c e  o f  
a u s t e n i t i c  s t a i n l e s s  s t e e l  r o d .  T h i s  r o d  was a l m o s t  c o m p l e t e l y  
b o r e d  o u t  t o  a d i a m e t e r  o f  1 . 3 1 2 ” , e x c e p t  f o r  a t h i n  d i a p h r a g m C 2 )  
a p p r o x i m a t e l y  0 . 0 2 0 "  t h i c k ,  w h i c h  s u p p o r t e d  a n a r r o w  b o r e  
t u b e  (3 )  w h i c h  a c t e d  as  t h e  e x i t  f o r  s a m p l e s  o f  t h e  t o p  
l a y e r  and as  a g u i d e  f o r  t h e  s t i r r e r  s h a f t  ( 4 ) .  To t h e  end 
o f  t h i s  t u b e  was a t t a c h e d  t h e  c a p i l l a r y  ( 7 )  w h i c h  t o o k  t h e  
t o p  s a m p l e .  T h i s  c o n n e c t i o n  was made by d r i l l i n g  a s q u a r e  
b o t t o m e d  h o l e  i n  t h e  end o f  ( 3 )  and t a p p i n g  i t  2 B A . A b r a s s  
c o n n e . c t o r  ( 5 )  was s o l d e r e d  on t.o t h e  end o f  t h e  s t a i n l e s s  
s t e e l  c a p i l l a r y  ( 7 )  ( 0 . 0 1 1  i n c h e s  O.D.  and.  0 . 0 0 4 ” I . D . )  and 
was t i g h t l y  h e l d  by  a m o d i f i e d  h e x a g o n a l - h e a d e d ,  2BA b r a s s  
b o l t  ( 6 ) ,  a g a i n s t  t h e  s h a r p  s h o u l d e r  f o r m e d  a t  t h e  b a s e  o f  t h e  
s q u a r e - b o t t o m e d  h o l e .  D i s t o r t i o n  o f  t h e  b r a s s  c o n n e c t o r ,  
w h i c h  r e s u l t e d  f r o m  t h e  t i g h t n e s s  o f  t h e  b o l t  ( 6 ) ,  a g a i n s t  
t h e  s h o u l d e r ,  e n s u r e d  a l e a k  f r e e  p o i n t .  The c a p i l l a r y  ( 7 )  
was s h e a t h e d  w i t h  0 . 0 1 1 ” I . D .  P . T . F . E .  s h e a t h i n g  ( n o t '  shown ]  
t o  p r e v e n t  a n y  s h o r t  c i r c u i t i n g  b e t w e e n  t h e  two e l e c t r o d e s  
( 1 7 ) .  A s t a i n l e s s  s t e e l  p i s t o n  ( 8 ) ,  f i t t e d  w i t h  t wo  B S . 0 2 5  
P . T . F . E .  ’ O ’ r i n g s  ( 1 2 ) ,  s e a l e d  t h e  o t h e r  end o f  t h e  c y l i n d e r .  
Samp l es  o f  t h e  l o w e r  l a y e r  we re  w i t h d r a w n  t h r o u g h  a c a p i l l a r y  
( 9 )  w h i c h  was a t t a c h e d  t o  t h e  p i s t o n  i n  t h e  same way a s  t h a t  
a t  t h e  t o p ,  e x c e p t  t h a t  t h e  c o n n e c t o r  ( 1 0 )  was made f r o m  
s t a i n l e s s  s t e e l  as  was t h e  0BA r e t a i n i n g  b o l t ( l l ) .  A l t h o u g h  
t h e  p i s t o n  and c y l i n d e r  were  d e s i g n e d  t o  B . S .  1806 l e a k a g e  s t i l l  
o c c u r r e d  p a s t  t h e  ’ O ’ r i n g s .  To o v e r c o m e  t h i s -  d i f f i c u l t y  
a s t a i n l e s s  s t e e l  l i n e r  ( 1 3 )  was made t o  f i t  i n s i d e  t h e
'? 7 / / ^7 7 7 7 '
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FIGURE ( 3 - 3 )  Dc3t a i l  o f  t h e  a s s e m b l y  o f  t h e  o q u i l i b r u m  c o l l
p r e s s u r e  v e s s e l  and  a r o u n d  t h e  s am p le  h o l d e r .  T h i s  c o n t a i n e r  
was f i l l e d  w i t h  m e r c u r y  ( 1 4 )  t o  a p p r o x i m a t e l y  t h e  l e v e l  
shown and a s  t h e  p i s t o n  r o s e  up t h e  c y l i n d e r ,  on'  r e m o v i n g  
t h e  s a m p l e s ,  t h e  m e r c u r y  f i l l e d  t h e  e m p t y  s pac e  c r e a t e d .
Any l e a k a g e  o f  m e r c u r y  p a s t  t h e  r i n g s  w o u l d  t h e n  n o t
u p s e t  t h e  e q u i l i b r i u m  o f  t h e  s a m p l e .  I n  a n t i c i p a t i o n  o f  
m e r c u r y ,  l e a k i n g  i n t o  t h e  c y l i n d e r ,  t h e  c a p i l l a r y  ( 9 )  was 
a l l o w e d  t o  p r o t u d e  a b o u t  0 . 5  i n c h e s  abo v e  t h e  c o n n e c t o r  ( 1 0 ) ,  
p r e v e n t i n g  a n y  m e r c u r y  b e i n g  r e m o v e d . w i t h  t h e  s a m p l e . T o  
p r e v e n t  t h e  s o l d e r e d  j o i n t s  on t h i s  c o n n e c t o r  b e i n g  a t t a c k e d  
by m e r c u r y ,  t h e  s o l d e r  was smeared  w i t h  a p r o t e c t i v e  l a y e r  
o f  A u t o s t i c  a d h e s i v e .  S t r a i n  on t h e  c a p i l l a r y  ( 9 )  was 
m i n i m i s e d ,  when t h e  p i s t o n  r o s e , ,  by  a l l o w i n g  p l e n t y  o f  
s l a c k ,  i n  t h e  f o r m  o f  a c o i l ,  b e l o w  t h e  p i s t o n .
The c o i l  ( 1 5 )  was made f r o m  h i g h l y  p e r m e a b l e  r a d i o  
m e t a l  60 and  e n c l o s e d  a t o r r ^ d i a l l y  wound c o p p e r  c o i l  ( 1 6 )  
w h i c h  was w r a p p e d  i n  P . T . F . E .  t a p e  t o  a c t  as  i n s u l a t i o n .
T h i s  c o i l  was c o n n e c t e d  t o  t w o  o f  t h e  e l e c t r o d e s  ( 1 7 )  by  
i n s u l a t e d  f l e x i b l e  c o p p e r  w i r e s  ( 1 8 )  w h i c h  we re  s o l d e r e d  
t o  t h e  e l e c t r o d e s ,  t h e s e  j o i n t s  b e i n g  c o v e r e d  by s h r i n k a b l e  
s h e a t h i n g  ( 1 9 ) .  An i n t e r m i t t e n t  c u r r e n t  was s u p p l i e d  t o  t h e  
c o i l .  T h i s  c u r r e n t  was i n t e r r u p t e d  by  f i t t i n g  a m i c r o  
s w i t c h  i n  t h e  l i n e  w h i c h  c a r r i e d  i t .  The m i c r o  s w i t c h  was 
o p e r a t e d  by  a cam r o t a t e d  by a c h a r t  r e c o r d e r  m o t o r .  The 
a r r a n g e m e n t  a l l o w e d  f o u r  e l e c t r i c a l  p u l s e s  p e r  m i n u t e  t o  
r e a c h  t h e  c o i l ,  each  o f  f i v e  s e c o n d s  d u r a t i o n .  Two h o l e s  we re  
d r i l l e d  i n  t h e  c o r e  ( 1 5 ) ,  one a c t i n g  as an  e x i t  f o r  l e a d s  
f r o m  t h e  c o i l ,  t h e  o t h e r  as  an a n c h o r  f o r  a t o mm y '  b a r  when 
t i g h t e n i n g  t h e  c o r e .
The s t i r r e r  c o n s i s t e d  o f  a 1 / 1 6  i n c h  d i a m e t e r  s t a i n l e s s  
s t e e l  s h a f t  ( 4 )  n e a r  t h e  t o p  o f  w h i c h  was s o l d e r e d  a t h i n  
( 0 . 0 3 0  i n c h )  d i s c  ( 2 0 )  o f  r a d i o  m e t a l  60 and  s e c u r e d  a t  t h e  
o t h e r  end o f  t h e  s h a f t  was a P . T . F . E .  d i s c  ( 2 1 ) ,  p e r f o r a t e d  
w i t h  1 / 1 6  i n c h  d i a m e t e r  h o l e s .  T h i s  d i s c  was h e l d  b e t w e e n  
two  10BA n u t s  ( 2 2 )  and  w a s h e r s  ( 2 3 )  and  l o c k e d  o f f  w i t h  a 
10BA l o c k i n g  g rn i'-l" ( 2 4 ) .  The s t i r r e r  r e s t e d  on a P . T . F . E .  
c i r c l i p  ( 2 5 )  s e t  i n t o  a g r o v e  m a c h i n e d  i n  t h e  w a l l  o f  t h e  
c y l i n d e r  and  t h e  t o p  o f  t h e  s h a f t  was g u i d e d  by  ( 3 ) .  The 
i n t e r m i t t a n t  c u r r e n t  a t t r a c t e d  t h e  h i g h  p e r m e a b i l i t y  d i s c  ( 2 0 )  
and s u b s e q u e n t l y  l e t  i t  f a l l  b a c k  t h r o u g h  t h e  l i q u i d  t o  r e s t  
on t h e  c i r c l i p  ( 2 5 ) .  T h i s  c i r c l i p  was s e t  a t  e f f e c t i v e l y  h a l f  
way up t h e  c y l i n d e r  and by  f i l l i n g . t h e  c y l i n d e r  w i t h  e q u a l  
v o l u m e s  o f  each  p h a s e ,  t h e  r e c i p r o c a t i n g  a c t i o n  o f  t h e  
s t i r r e r  c o n s t a n t l y  d i s t u r b e d  t h e  i n t e r f a c e  o f  t h e  t wo  l a y e r s .
T h i s  s amp l e  h o l d e r  was a t t a c h e d  t o  t h e  t w o  a r ms  o f  a 
s u p p o r t i n g  f r a m e  ( 2 5 )  by  f o u r  s t a i n l e s s  s t e e l ,  6BA c o u n t e r  
sunk  s c r e w s  ( 2 7 ) .  The s u p p o r t i n g  f r a m e  i t s e l f  was h e l d  t o  
t h e  c o v e r  o f  t h e  p r e s s u r e  v e s s e l  ( 2 8 )  by  t h r e e  3 / 1 6  i n c h  BSF 
c o u n t e r  s u n k  s c r e w s  ( n o t  s h o w n ) .
An e x p l o d e d  v i e w  o f  t h e  samp l e  h o l d e r  i s  shown i n  
F i g . ( 3 - 4 A )  and  t h e  c o m p l e t e  a s s e m b l y  i n  F i g . ( 3 - 5 ) .  F o r  c l a r i t y  
t h e  s t a i n l e s s  s t e e l  m e r c u r y  r e s e r v o i r  has  been o m i t t e d  i n  
t h e s e  t w o  F i g u r e s .
b ) D e s c r i p t i o n  o f  t h e  S a m p l i n g  S y s t e m
I n  a d d i t i o n  t o  t h e  a p p a r a t u s  a l r e a d y  d e s c r i b e d  a s y s t e m  
o f  v a l v e s  was needed  t o  c o n t r o l  t h e  w i t h d r a w a l  o f  s a m p l e s .
I n  o r d e r  t o  e n s u r e  t h a t  t h e 1 s a m p le  t a k e n  was r e p r e  sen. ta t  i v e  
o f  t h e  c o n t e n t s  o f  t h e  s amp le  h o l d e r  u n d e r  t h e  c o n d i t i o n s
tFIGURE ( 3 - 4 a ) FIGURE (3 - 4  b )
E x p l o d e d  v i e w E x p l o d e d  v i e w
o f  t h e o f  t h e
e q u i l i b r u m  c e l l c o m p r e s s i b i l i t y  c e l l
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e x i s t i n g  w i t h i n  t h e  p r e s s u r e  v e s s e l ,  i t  was n e c e s s a r y  t o :
i )  f l u s h  o u ’’: t h e  f l u i d  a l r e a d y  i n  t h e  c a p i l l a r y  w i t h  some
o f  t h e  c o n t e n t s  o f  t h e  s amp l e  h o l d e r .
i i )  f l u s h  t h i s  l i q u i d  f r o m  t h e  b od y  o f  t h e  v a l v e  w h i c h  h o l d s  
b a c k  t h i s  f l u i d .  . _
A s y s t e m  o f  v a l v e s  was d e v i s e d  w h i c h  e n a b l e d  t h e s e  t wo  
p r o c e d u r e s  t o  be c a r r i e d  o u t  and i t  i s  shown s c h e m a t i c a l l y  
i n  F i g . ( 3 - 6 ) .  The c a p i l l a r y  t u b e s  f r o m  t h e  s am p l e  h o l d e r  
l e f t  t h e  p r e s s u r e  v e s s e l  and we re  t h e n  t h r e a d e d  t h r o u g h  a
2 V  l o n g  h i g h  p r e s s u r e  n i p p l e  ( 8 )  w h i c h  c o n n e c t e d  t h e '  1Y ’
b l o c k  ( 1 )  t o  t h e  p r e s s u r e  v e s s e l  c o v e r .  C o n n e c t e d  t o  t h e  
’ Y ’ b l o c k  by  means o f  t w o  more  n i p p l e s  we re  a p a i r  o f  h i g h  
p r e s s u r e  t h r e e  way v a l v e s  ( 2 )  and  c o n n e c t e d  t o  e a c h  o f  t h e s e  
v a l v e s  was a h i g h  p r e s s u r e  ( a l t h o u g h  t h i s  was n o t  n e c e s s a r y )  
t w o - w a y  v a l v e  ( 3 ) .  The c a p i l l a r i e s  were  l e d  t h r o u g h  as  f a r  
as  t h e  u p p e r  e n d s  o f  ( 4 )  wh e r e  t h e i r  e n d s  were  s e a l e d  
( d e t a i l s  i n  S e c t  3 . 1 . 3 .  b) f l u s h  w i t h  t h e  end o f  t h i s  n i p p l e .  
N i p p l e  f i v e  was c o n n e c t e d  by a s i l i c o n e  r u b b e r  t u b e  t o  a 
s e p a r a t i n g  f u n n e l  c o n t a i n i n g  a c e t o n e .  T h i s  f u n n e l  was.  
m ou n t e d  a p p r o x i m a t e l y  s i x  f e e t  a b o ve  t h e  a p p a r a t u s .  A i r  
e n t e r i n g  t h i s  s e p a r a t i n g  f u n n e l  f i r s t  p a s s e d  t h r o u g h  a ’ U ’ 
t u b e  f i l l e d  w i t h  s e l f - i n d i c a t i n g  s i l i c a  g e l  t o  e n s u r e  t h a t  t h e  
a c e t o n e  r e m a i n e d  d r y .  Any l i q u i d  moved f r o m  t h e  s y s t e m  l e f t  
by  a 0 . Q 3 0 ” i n t e r n a l  d i a m e t e r  c a p i l l a r y  t u b e  ( 6 )  and  was 
c o l l e c t e d  i n  a s m a l l  t e s t  t u b e  ( 7 )  s e a l e d  w i t h  a s e r um  c a p .
FIGURE (3<-6) S c h e m a t i c  a r r a n g e m e n t  o f  t h e  s a m p l i n g  v a l v e  
s y s t e m
3 . 3 . 2 .  C o m p r e s s i b i l i t y  Da ta  Sample H o l d e r  ( F i g  3 - 7 3 .
a )  The V e s s e l
A c y l i n d e r  C l ) ,  c l o s e d  a t  one e n d ,  was b o r e d  o u t  f r o m  
a p i e c e  o f  s o l i d  s t a i n l e s s  s t e e l  r o d .  The i n s i d e  f a c e  o f  
t h e  c l o s e d  end was f i n i s h e d  f l a t  and s moo t h  and t h e  w h o l e  
l e n g t h  o f  t h e  b o r e  was p o l i s h e d .  I n t o  t h i s  was f i t t e d  a 
b r a s s  p i s t o n  ( 2 )  w h i c h  r e t a i n e d  t w o  B . S .  025 P . T . F . E .  ’ O'  
r i n g s  ( 3 ) .  B o t h  c y l i n d e r  and p i s t o n  were  d e s i g n e d  t o  B . S .  1806 .
The p i s t o n  had a 5 °  l e a d  so t h a t  i f  t h e  p i s t o n  s h o u l d  
become t i l t e d  l i t t l e  damage w o u l d  r e s u l t  t o  t h e  b o r e  o f  t h e  
c y l i n d e r .  B r a s s  was c h o s e n  f o r  t h e  p i s t o n  s i n c e  a n y  c o n t a c t  
b e t w e en  t h e  p i s t o n  and t h e  c y l i n d e r  w o u l d  r e s u l t  i n  damage 
t o  t h e  p i s t o n  and n o t  t h e  c y l i n d e r .  The i n s i d e  f a c e  o f  t h e  
p i s t o n  was m a c h i n e d  as shown t o  a s s i s t  w i t h  t h e  r e m o v a l  o f  
a i r  b u b b l e s  w h i c h  o c c u r  on f i l l i n g  t h e  c y l i n d e r .  The s am p l e  
was i n t r o d u c e d  t h r o u g h  t h e  a x i a l  h o l e  i n  t h e  p i s t o n  w h i c h  
was t a p p e d  4BA.  A f t e r  f i l l i n g  t h i s  h o l e  was s e a l e d  w i t h  a 
h e x a g o n a l  headed  b r a s s  b o l t  C4) w h i c h  t i g h t e n e d  o n t o  a b r a s s  
w a s h e r  ( 5 )  and a P . T . F . E .  w a s h e r  C6) .  The head o f  t h e  b o l t  
was d r i l l e d  and t a p p e d  8BA and i n t o  i t  s c r e w e d  t h e  s h a f t  
( 7 )  o f  a l i n e a r  d i s p l a c e m e n t  t r a n s d u c e r  ( 1 3 ) .  The t r a n s d u c e r 1 
was h e l d  by a b e r y l i u m  c o p p e r  s p r i n g  c l i p  ( 9 )  w h i c h  was 
s o l d e r e d  ( 10 )  t o  a s t a i n l e s s  s t e e l  s u p p o r t  ( 1 1 )  s c r e w e d  t o  
t h e  c y l i n d e r  by  f o u r  6BA c o u n t e r s u n k  s c r e w s  ( 1 2 ) .
T h i s  a p p a r a t u s  was s u p p o r t e d  i n  t h e  p r e s s u r e  v e s s e l  i n  
t h e  same m a n n e r  as  shown i n  F i g . ( 3 - 3 ) ,  and t h e  l e a d s  ( 8 )  f r o m  
t h e  t r a n s d u c e r  we re  s o l d e r e d  t o  t h e  t h r e e  e l e c t r o d e s  i n  t h e  
c o v e r  o f  t h e  p r e s s u r e  v e s s e l .
d?
b ) L i n e a r  D i s p l a c e m e n t  T r a n s d u c e r
T h i s  d e v i c e  was s p e c i a l l y  d e s i g n e d  f o r  u se  i n  
c o m p r e s s i b i l i t y  m e a s u r e m e n t s .  The t r a n s d u c e r  was 1 i n c h  
l o n g  and 0 . 2 5  i n c h  s q u a r e ,  t h e  s h a f t  h a v i n g  a max imum 
t r a v e l  o f  0 . 7 5  i n c h e s .  A n o d i s e d  n i c h r o m e  r e s i s t a n c e  w i r e  
( 0 . 0 0 1  i n c h  d i a m e t e r )  was wound on a s t a i n l e s s  s t e e l  f o r m e r ,  
a.ttd t h e  r e s i s t a n c e  o f  t h e  r e s u l t i n g  c o i l  was 2 K .o h m.  A 
w i p e r  was f i x e d  t o  t h e  s h a f t  i n  s u c h  a m a n n e r  t h a t  t h e  s h a f t  
was f r e e  t o  r o t a t e ,  w h i c h  e n a b l e d  i t  t o  be e a s i l y  a t t a c h e d  
t o  t h e  p i s t o n .  The w i n d i n g s  and  w i p e r  we re  e n c l o s e d  i n  a 
t h i n  s h e e t  m e t a l  c a s i n g .
I t  i s  e s t i m a t e d  t h a t  t h e  t r a n s d u c e r  c o u l d  m e a s u r e  t oi
w i t h i n  0 .13% o f  f u l l  s c a l e .
c ) T r a n s d u c e r  P o we r  S u p p l y  & . R e f e r e n c e  C i r c u i t
The p o w e r  s u p p l y  c i r c u i t  i s  shown i n  F i g . ( 3 - 8 ) j
I t  i s  a s t a n d a r d  c i r c u i t  c o n s i s t i n g  o f  a 2 4 0 / 1 2  v o l t  
t r a n s f o r m e r  and r e c t i f i e r  b r i d g e .  The o u t p u t  v o l t a g e  i s  
s t a b i l i z e d  by t wo  12 v o l t  Z e n e r  d i o d e s  and i s  s u p p l i e d  a c r o s s  
t h e  2K .ohm t r a n s d u c e r  t h e  w i p e r  o f  w h i c h  i s  c o n n e c t e d  t o  one  
s i d e  o f  a Pye n u l l  d e t e c t o r .
The r e f e r e n c e  u n i t  i s  shown i n  F i g .  ( 3 - 9 )  wh e r e  t h e  t e n  
t u r n  p o t e n t i o m e t e r  can  be s ee n .  The w i p e r  o f  t h i s  p o t e n t i o m e t e r  
i s  c o n n e c t e d  t o  t h e  o t h e r  s i d e  o f  t h e  n u l l  d e t e c t o r .  T h i s  
p o t e n t i o m e t e r  was f i t t e d  w i t h  a n u l l  d e t e c t o r .  T h i s  p o t e n t i o m e t e r  
was f i t t e d  w i t h  a d i a l  w h i c h  d i s p l a y e d  t h e  n u m b e r - o f  t u r n s  
t h r o u g h  w h i c h  t h e  a d j u s t i n g  knob  had been t u r n e d .  The d i a l  
was d i v i d e d  i n t o  one h u n d r e d  e q u a l  d i v i s i o n s ,  t h u s  t h e  
p o t e n t i o m e t e r  c o u l d  be r e a d  t o  one  t h o u s a n d t h  p a r t  o f  i t s  
t o t a l  t r a v e l .
Changes i n  v o l u m e  o f  t h e  s am p l e  h o l d e r  r e s u l t  i n  
mov emen t s  o f  t h e  t r a n s d u c e r  s h a f t  and  a c o n s e q u e n t  c h a n ge  
i n  t h e  v o l t a g e  a c r o s s  t h e  n u l l  d e t e c t o r .  The t e n  t u r n
p o t e n t i o m e t e r  i s  t h e n  a d j u s t e d  t o  r e s t o r e  t h e  v o l t a g e
b a l a n c e  a c r o s s  t h e  n u l l  d e t e c t o r .  From t h e  r e a d i n g  on 
t h e  p o t e n t i o m e t e r  t h e  d i s t a n c e  moved by t h e  p i s t o n  can 
be d e d u c e d  ( S e c t  4 . 3 . 1 . b )
d ) P r e s s u r e  and T e m p e r a t u r e  e f f e c t s  on t h e  a c c u r a c y  
o f  t h e  m e a s u r e m e n t s .
S i n c e  each  s e t  o f  m e a s u r e m e n t s  was made u n d e r  
i s o t h e r m a l  c o n d i t i o n s ,  t e m p e r a t u r e  i s  o f  no i m p o r t a n c e ,  
d i s p l a c e m e n t s  o f  t h e  p i s t o n  b e i n g  m e a s u r e d  f r o m  t h e  
r e f e r e n c e  p o s i t i o n  when P=0 a t  t h e  t e m p e r a t u r e  i n  
q u e s t i o n .  A l s o ,  t h e  t h e r m a l  c o e f f i c i e n t  o f  t h e  r e s i s t a n c e  
i s  c o m p e n s a t e d  by t h e  use o f  a b r i d g e  c i r c u i t  and t h e r m o ­
e l e c t r i c  emfs  c a n c e l  due  t o  t h e  s y m m e t r y  o f  t h e  c i r c u i t .
S i m i l a r  r e m a r k s  a p p l y  t o  t h e  e f f e c t  o f  p r e s s u r e  
e x c e p t  whe re  t h e  p r e s s u r e  a f f e c t s  t h e  t r a n s d u c e r  c o i l -  and 
w i p e r ,  and a l s o  t h e  d i m e n s i o n s  o f  t h e  c y l i n d e r  i t s e l f .  
Ho wev e r ,  t h e  c o m p r e s s i b i l i t y  o f  t h e  m e t a l s  us ed  i s  v e r y  much 
l e s s  t h a n  t h e  c o m p r e s s i b i l i t y  o f  f l u i d s  a n d ,  t h e r e f o r e ,  
t h e  c h a n g e s  i n  d i m e n s i o n s  o f  t h e  a p p a r a t u s  w i t h  p r e s s u r e ,  
w h i l s t  r e a l ,  w i l l  have no s i g n i f i c a n t  e f f e c t  on t h e  
e x p e r i m e n t a l l y  o b t a i n e d  v a l u e s  o f  c o m p r e s s i b i l i t y .
I N C H
FIGURE ( 3 - 7 )  D e t a i l  o f  t h e  a s s e m b l y  o f  t h e  
c o m p r e s s i b i l i t y  c e l l
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3.4. The Gas Chromatograph
3 . 4 . 1 .  Genera  1
The i n s t r u m e n t  us ed  was a Pye P a n c h r o m a t o  - g ra p h  w i t h  
t w i n  0 . 1 2 5  i n c h  i n s i d e  d i a m e t e r  g l a s s  c o l u m n s ,  b o t h  f i v e  
f e e t  i n  l e n g t h  w i t h  t h e r m a l  c o n d u c t i v i t y  d e t e c t o r ,  c h a r t  
r e c o r d e r  and an i n t e g r a t o r  s u p p l i e d  by  Gas C h r o m a t o g r a p h y  
L t d  .
3 . 4 . 2 .  The Co lumn
The c o l u m n  was r e q u i r e d  t o  s e p a r a t e  w a t e r  a c e t o n e
and m e t h y l  e t h y l  k e t o n e .  Of  t h e s e  t h r e e  c o m p o n e n t s ,  t h e
w a t e r  p r e s e n t e d  a p r o b l e m  s i n c e  t h e  t r a i l i n g  edge o f
i t s  peak  a l w a y s  t a i l s .  T h e - P o r a p a k  r a n g e  o f  c o l u m n  p a c k i n g s
g i v e  s h a r p ,  s y m m e t r i c a l  p e a k s  w i t h ,  p o l a r  c om po u nd s ,  s u c h  as
w a t e r ,  and f o r  t h i s  r e a s o n  P o r a p a k  P-S ( 8 0  mesh)  was c h o s e n
as  t h e  c o l u m n  p a c k i n g  w i t h  h e l i u m  as  c a r r i e r  g a s .  A f t e r
a n a l y s i s  o f  t h e  above  t h r e e  c o m p o n e n t  m i x t u r e  a t  s e v e r a l
t e m p e r a t u r e s  an o p t i m u m  c o l u m n  t e m p e r a t u r e  o f  1 3 7 . 5°C was
f o u n d  t o  g i v e  c o m p l e t e  s e p a r a t i o n  and a s h o r t  e l u t i o n  t i m e ,
w i t h  a g a s  r a t e  o f  5 0 m l / m i n . E l u t i o n  t i m e s . f o r  e a c h
c om p o n e n t  a r e  shown b e l o w :
W a t e r  60 sec
A c e t o n e  154 sec
MEK 300 sec
T o t a l  390  sec
An a c t u a l  c h r o m a t o g r a p h  i s  shown i n  F i g .  ( 3 - 1 0 ) .
3 . 4 . 3 .  C a l i b r a t i o n  o f  t h e  C h r o m a t o g r a p h .
F o r  m e a n i n g f u l  r e s u l t s  t o  be o b t a i n e d  f r o m  t h i s  
i n s t r u m e n t ,  i t s  r e s p o n s e  mus t  be a l i n e a r  f u n c t i o n  o f  
s am p l e  s i z e  p a s s i n g  t h r o u g h  t h e  o r i g i n .  S amp l es  v a r y i n g  i n  
s i z e  f r o m  1 t o  1 0 y l  were  i n j e c t e d  i n t o  t h e  c o l u m n  and  t h e  
v o l u m e s  i n j e c t e d  p l o t t e d  a g a i n s t  t h e  r e s p o n s e  a f t e r  i t  had
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been c o r r e c t e d  t o  a c o n s t a n t  v a l u e  o f  a t t e n u a t i o n .  I n i t i a l  
e x p e r i m e n t s  u s i n g  n i t r o g e n  as a c a r r i e r  gas  p r o v e d  
u n s u c c e s s f u l  as  t h e  p l o t  o b t a i n e d  was m a r k e d l y  c u r v e d .  As 
p o i n t e d  o u t  by  L i t t l e w o o d  ( 6 7 )  t h i s  i s  t o  be e x p e c t e d .  I f  
a . c a r r i e r  gas  and s amp le  v a p o u r  have  c o m p a r a b l e  m o l e c u l a r  
d i m e n s i o n s  t h e n  n o n - l i n e a r i t y  i s  l i k e l y  t o  o c c u r  a t  
r e l a t i v e l y  s m a l l  v a p o u r  c o n c e n t r a t i o n s .  O r g a n i c  v a p o u r s  
w i t h  m o l e c u l a r  w e i g h t s  o f  b e t we en  50 and 100 i . e .  c o n t a i n i n g  
b e t w e e n  t wo  and s i x  c a r b o n  a t o m s  g i v e  a n o n - l i n e a r  r e s p o n s e  
w i t h  h e a v y  c a r r i e r  g a s e s ,  f o r  e x a m p l e ,  n i t r o g e n  and  a r g o n .
The use o f  h y d r o g e n  o r  h e l i u m  as  t h e  c a r r i e r  g a s  r e s t o r e s  
l i n e a r i t y  t o  t h e  r e s p o n s e  c u r v e  and c h a n g i n g  t h e  c a r r i e r  gas  
t o  h e l i u m  d i d  i n d e e d  r e s u l t  i n  a s t r a i g h t  l i n e  b e i n g  
o b t a i n e d .
U s i n g  a m i c r o  s y r i n g e  f i t t e d  w i t h  a c h a n e y  a d a p t e r ,  
w h i c h  e n s u r e d '  t h a t  t h e  v o l u m e  i n j e c t e d  e ac h  t i m e  was 
c o n s t a n t , t e n  H y l  s a m p l e s  o f  p u r e  m e t h y l  e t h y l  k e t o n e  and 
t e n  o f  w a t e r  were i n j e c t e d  i n t o  t h e  c o l u m n  and t h e  a v e r a g e  
r e s p o n s e  f o r  e a c h  c a l c u l a t e d .  From a k n o w l e d g e  o f  t h e  
t e m p e r a t u r e  o f  t h e  p u r e  c o m p o n e n t s  ( t a k e n  as  t h e  a ' b i e n t  
t e m p e r a t u r e )  and t h e i r  d e n s i t i e s  a t  t h i s  t e m p e r a t u r e ,  t h e  
mas s ,  M, o f  1.yl  o f  p u r e  c om p o n e n t  c o u l d  be c a l c u l a t e d .  The 
r e s p o n s e  p r o d u c e d  by t h i s  mass o f  c o m p o n e n t ,  a t  an 
a t t e n u a t i o n ,  A, was R 
. ' .  M <*RA.
S i n c e  t h e  r e s p o n s e  had been shown t o  be l i n e a r  w i t h  s a m p l e  
s i z e  i n  t h e  r a n g e  1 - l O y l ,  t h e  a b o v e  i d e n t i t y  a p p l i e s  t o  any  
s a m p l e  s i z e  i n  t h i s  r a n g e  and can be w r i t t e n  i n  t h e  f o r m  o f  
t h e  e q u a t i o n  f o r  a s t r a i g h t  l i n e  p a s s i n g  t h r o u g h  t h e  o r i g i n :
■ o
y = mx
o r  i n  t h e  c u r r e n t  p o t a t i o n  :
RA = mM
N>  R. A 
m
t h e  v a l u e  o f  m was f o u n d  f r o m  t h e  r e s p o n s e  d a t a  o f  1 y l  o f
each p u r e  c o m p o n e n t .
i . e .  m = R A _____________________ __
mass 1 y l  p u r e  c om po n en t
Thus  t h e  mass o f  c o m p o n e n t  i n  any  samp le  i s  a s i m p l e  f u n c t i o n
o f  r e s p o n s e  and a t t e n u a t i o n .
CHAPTER 4.
E x p e r i m e n t a l  T e c h n i q u e .
CHAPTER 4.
E x p e r i m e n t a l  T e c h n i q u e .
4 . 1  S p e c i f i c  G r a v i t y  M e a s u r e m e n t s .
4 . 1 . 1  A p p a r a t u s .
S p r e n g e l  p y k n o m e t e r s  o f  t w e n t y  f i v e  m i l l i l i t r e  c a p a c i t y  
and m a n u f a c t u r e d  f r o m  b o r o s i l i c a t e  g l a s s  w e r e  u s e d .  T h i s  
t y p e  was c h o s e n  s i n c e  t h e  c o n t e n t s  o f  t h e  p y k n o m e t e r  c o u l d  
be c o m p l e t e l y  s e a l e d  f r o m  t h e  a t m o s p h e r e  and t h i s  e n a b l e d  
t h e  p y k n o m e t e r  t o  be d r i e d  i n  a d e s s i c a t o r ,  p r i o r  t o  w e i g h i n g ,  
w i t h o u t  l o s s  o f  any  o f  t h e  a q u e o u s  c o m p o n e n t .  The p y k n o m e t e r s  
w e r e  w e i g h e d  u s i n g  a S t a n t o n  b a l a n c e  c a p a b l e  o f  w e i g h i n g  
a c c u r a t e l y  t o  one p a r t  i n  10000 .
A p y k n o m e t e r  i s  i l l u s t r a t e d  i n  F i g .  ( 4  -  1) w h e r e  c a p s ,  
i d e n t i f i c a t i o n  t a g  and g r a d u a t i o n  m a r k  a r e  shown.
4 .  1.  2.  E x p e r i m e n t a l  Me th o d
a)  P r e p a r a t i o n  o f  A p p a r a t u s
A l l  g l a s s  a p p a r a t u s  was s o a k e d  i n  c h r o m i c  a c i d ,  r i n s e d  
w i t h  t a p  w a t e r  and t h e n  d i s t i l l e d  w a t e r ,  r i n s e d  w i t h  a c e t o n e ,  
d r i e d  w i t h  c o m p r e s s e d  a i r  and f i n a l l y  r o a s t e d  i n  an o v e n  f o r  
one h o u r  a t  2 0 0 ° C .  The b a l a n c e  was z e r o e d  b e f o r e  a ny  w e i g h i n g s  
w e r e  made.
b ) W a t e r  C a l i b r a t i o n  o f  P y k n o m e t e r s .
The c l e a n  p y k n o m e t e r s  ( w i t h  c a p s )  w e r e  w e i g h e d  e m p t y  on 
t h e  S t a n t o n  b a l a n c e .  They  w e r e  t h e n  f i l l e d  w i t h  d i s t i l l e d  
w a t e r .  T h i s  was done by a t t a c h i n g  one end o f  a n a r r o w  b o r e  
r u b b e r  t u b e  t o  t h e  c a p i l l a r y  w h i c h  e n t e r e d  t h e  b as e  o f  t h e  
p y k n o m e t e r ,  t h e  o t h e r  end o f  t h e  r u b b e r  t u b e  b e i n g  i m m e r s e d
FIGURE ( 4 - 1 )  S p r e n g e 1 p y k n o m e t e r
i n  a b e a k e r  o f  d i s t i l l e d  w a t e r .  A k n o c k - o u t  p o t  was a t t a c h e d  
by a n o t h e r  l e n g t h  o f  r u b b e r  t u b i n g  t o  t h e  o t h e r  c a p i l l a r y  o f  
t h e  p y k n o m e t e r .  A i r  was s u c k e d ,  by  m o u t h ,  f r o m  t h e  p y k n o m e t e r  
t h r o u g h  t h e  k n o c k - o u t  p o t , ,  w h i c h  r e s u l t e d  i n  t h e  d i s t i l l e d  
w a t e r  b e i n g  d rawn  i n t o  t h e  p y k n o m e t e r .  T h i s  p r o c e s s  was 
c o n t i n u e d  u n t i l  t h e  p y k n o m e t e r  was a p p r o x i m a t e l y  f i l l e d  t o  
t h e  c a l i b r a t i o n  m a r k .
c)  T e m p e r a t u r e  e q u i l i b r i u m  and l e v e l  a d j u s t m e n t .
The f i l l e d  p y k n o m e t e r s  w e r e  s u s p e n d e d  i n  a w e l l  s t i r r e d ,  
c o n s t a n t  t e m p e r a t u r e  w a t e r  b a t h ,  so t h a t  o n l y  t h e  ends  o f  
t h e  c a p i l l a r i e s  p r o t r u d e d  a b o ve  t h e  w a t e r  l e v e l  o f  t h e  b a t h .  
They  w e r e  l e f t  i n  t h i s  b a t h  f o r  e i g h t  h o u r s  t o  a l l o w  t h e  
c o n t e n t s  o f  each  p y k n o m e t e r  t o  a t t a i n  t h e  t e m p e r a t u r e  o f  t h e  
b a t h  a l o n g  w i t h  t h e  c o n s e q u e n t  c han ge  i n  v o l u m e .
W i t h  t h e  p y k n o m e t e r  r e m a i n i n g  i n  t h e  b a t h  t h e  k n o c k o u t  
p o t  was a t t a c h e d  t o  i t s  t o p  l i m b .  The c o n t e n t s  o f  t h e  
p y k n o m e t e r  w e r e  s u b j e c t e d  t o  g e n t l e  p r e s s u r e  ( u s i n g  t h e  m o u t h )  
and t h e  c o n t e n t s  l e f t  t h e  p y k n o m e t e r ,  d r o p  by d r o p  f r o m  t h e  
o t h e r  l i m b .  Each o f  t h e  d r o p s  was r e m o ve d  f r o m  t h e  end o f  t h e  
l i m b  by a p i e c e  o f  f i l t e r  p a p e r .  The g r a d u a t i o n  m a r k  on t h e  
u p p e r  l i m b ,  w h i c h  was s u b m e r g e d  b e l o w  t h e  w a t e r  l e v e l  o f  t h e  
b a t h ,  was o b s e r v e d  by means o f  a d e n t i s t ' s  m i r r o r .  When t h e  
l e v e l  o f  l i q u i d  i n  t h e  u p p e r  l i m b  became l e v e l  w i t h  t h i s  m a r k  
t h e  p y k n o m e t e r  c o n t a i n e d  a v o l u m e  o f  l i q u i d  w h i c h  was 
a c c u r a t e l y  and e a s i l y  r e p r o d u c i b l e .  The same p r o c e d u r e  was 
r e p e a t e d  f o r  t h e  o t h e r  p y k n o m e t e r s .
A f t e r  t h i s  p r o c e d u r e  t h e  p y k n o m e t e r s  w e r e  l e f t  in.  t h e  
b a t h  f o r  a f u r t h e r  h o u r  when t h e i r  v o l u m e s  w e r e  a g a i n  c h e c k e d .  
The caps  w e r e  t h e n  f i t t e d  and t h e  p y k n o m e t e r s  w e r e  r e m o v e d  f o r  
d r y i n g .
d) D r y i n g  and  W e i g h i n g .
The w a t e r  a d h e r i n g  t o  t h e  p y k n o m e t e r s  had t o  be r e mo ved  
b e f o r e  any  a c c u r a t e  w e i g h i n g s  c o u l d  be made.  The p y k n o m e t e r s  
c h os e n  w e r e  o f  a t y p e  w h i c h  a l l o w e d  them t o  b e - d r i e d  i n  a 
d e s s i c a t o r  c o n t a i n i n g  a n h y d r o u s  c a l c i u m  c h l o r i d e ,  w i t h o u t  any  
e f f e c t  on t h e i r  c o n t e n t s .  I n i t i a l l y  t h e  p y k n o m e t e r s  w e r e  
d r i e d  u n t i l  t h e i r  w e i g h t s  c e a s e d  t o  c ha n ge  as shown by 
r e p e a t e d  w e i g h i n g s .  I t  was f o u n d  t h a t  a p e r i o d  o f  24 h o u r s  
d r y i n g  l e d  t o  t h e  p y k n o m e t e r s  b e i n g  c o m p l e t e l y  d r y  and t h i s  
d r y i n g  t i m e  was c o n s e q u e n t l y  a d o p t e d .  Once d r y  t h e  p y k n o m e t e r s  
w e r e  w e i g h t e d  and  t h e  w e i g h t  o f  l i q u i d  c o n t a i n e d  by each  f o u n d .
e) P r e p a r a t i o n  o f  S o l u t i o n s .
A t e c h n i q u e  was used  w h i c h  p r e v e n t e d  any  o f  t h e  v o l a t i l e  
m e t h y l  e t h y l  k e t o n e  f r o m  b e i n g  l o s t  o nc e  i t  had been  w e i g h e d  
o u t .
A c l e a n  250 m l .  c o n i c a l  f l a s k ,  f i t t e d  w i t h  a r u b b e r  s e r u m  
c a p ,  was w e i g h e d .  S i n c e  t h e  s o l u t i o n s  w e r e  b e i n g  made up on a 
w e i g h t  p e r  c e n t  b a s i s ,  t h e  m o s t  c o n v e n i e n t  q u a n t i t y  t o  make up 
a t  a t i m e  was 100 m l . ,  w h i c h  was s u f f i c i e n t  t o  f i l l  t h r e e  
p y k n o m e t e r s .  U s i n g  a 20 m l .  g l a s s  s y r i n g e  f i t t e d  w i t h  a s t a i n l e s s  
s t e e l  h y p o d e r m i c  n e e d l e ,  t h e  r e q u i r e d  w e i g h t  o f  each  c o m p o n e n t  
was i n j e c t e d  t h r o u g h  t h e  s e a l .  By t h i s  means s o l u t i o n s  c o u l d  be 
made up v e r y  c l o s e  t o  t h e  d e s i r e d  c o m p o s i t i o n  w i t h o u t  l o s s  by  
e v a p o r a t i o n .
f )  D e t e r m i n a t i o n  o f  t h e  S p e c i f i c  G r a v i t y  
o f  t h e  S o l u t i o n s .
S p e c i f i c  G r a v i t y  i s  d e f i n e d  as t h e  w e i g h t  o f  a g i v e n  
v o l u m e  o f  t h e  l i q u i d  d i v i d e d  by t h e  w e i g h t  o f  an e q u a l  v o l u m e
o f  w a t e r  a t  t h e  same t e m p e r a t u r e .
The s p e c i f i c  g r a v i t y  o f  each  s o l u t i o n  was f o u n d  t h r e e  
t i m e s  and t h e  a v e r a g e  t a k e n .  The p y k n o m e t e r s ,  once  c a l i b r a t e d  
w i t h  w a t e r  and m a r k e d  w i t h . a  r e m o v a b l e  t a g ,  w e r e  f i l l e d  w i t h  
t h e  s o l u t i o n s .  The p r o c e d u r e  f o l l o w e d  f o r  t h e  w a t e r  
c a l i b r a t i o n  was r e p e a t e d  a t  t h e  same t e m p e r a t u r e .
Thus  t h e  w e i g h t  o f  t h e  s o l u t i o n  c o n t a i n e d  i n  a p y k n o m e t e r  
d i v i d e d  by  t h e  w e i g h t  o f  w a t e r  c o n t a i n e d  by t h e  p y k n o m e t e r  
a t  t h e  same t e m p e r a t u r e  gav e  t h e  s p e c i f i c  g r a v i t y  o f  t h e  
s o l u t i o n  a t  t h a t  t e m p e r a t u r e .
4 . 2  D e t e r m i n a t i o n  o f  t h e  L i q u i d - L i q u i d  E q u i l i b r i u m  D a t a .
4 . 2 . 1  P r e p a r a t i o n  o f  t h e  A p p a r a t u s .
a)  F i l l i n g  o f  t h e  Sample  H o l d e r .
The s a m p l e  h o l d e r  w i t h  t h e  v e s s e l  c o v e r  and  ' Y '  b l o c k  
a t t a c h e d  was i n v e r t e d  and h e l d  i n  a r e t o r t  s t a n d .  By
l o o s e n i n g  t h e  b o l t  i n  t h e  c e n t r e  o f  t h e  p i s t o n  t h e  c a p i l l a r y
t u b e  was r e m o v e d .  E q u a l  q u a n t i t i e s  o f  each l a y e r  o f  a 
s o l u t i o n  o f  N E K / w a t e r ,  made up a t  room t e m p e r a t u r e ,  w e r e  
i n j e c t e d  i n t o  t h e  s a m p l e  h o l d e r  u s i n g  a h y p o d e r m i c  s y r i n g e .
The c a p i l l a r y  was t h e n  r e p l a c e d  and i t s  r e t a i n i n g  b o l t  
t i g h t e n e d .
When f i l l i n g  t h e  s a m p l e  h o l d e r  a f t e r  a p r e v i o u s  e x p e r i m e n t a l  
r u n ,  i t  was n e c e s s a r y ,  a f t e r  r e m o v i n g  t h e  c a p i l l a r y ,  t o  d r a w  
t h e  p i s t o n  b a c k  down t h e  c y l i n d e r ,  s i n c e  t h e  p i s t o n  moved up 
t h e  c y l i n d e r  as s a m p l e s  w e r e  w i t h d r a w n .  A s i m p l e  t o o l  was 
us ed  w h i c h  e v e n l y  d r e w  t h e  p i s t o n  t o  t h e  b o t t o m  o f  t h e  
c y l i n d e r  and r e s u l t e d  i n  no damage t o  t h e  b o r e .
b)  A s s e m b l y  o f  t h e  A p p a r a t u s .
Once t h e  s a m p l e  h o l d e r  was f i l l e d  t h e  s t a i n l e s s  s t e e l  
c y l i n d e r  l i n e r  was i n s e r t e d  i n t o  t h e  p r e s s u r e  v e s s e l  and
a p p r o x i m a t e l y  75 m l .  o f  m e r c u r y  w e r e  p o u r e d  i n  by means o f  
a f u n n e l  c o n n e c t e d  t o  a l e n g t h  o f  p o l y t h e n e  t u b i n g .  The 
s a m p l e  h o l d e r  t o g e t h e r  w i t h  t h e  v e s s e l  c o v e r  and • Y * b l o c k ,  
was t h e n  l o w e r e d  i n t o  t h e  v e s s e l  and t h e  c l o s i n g  n u t  s c r e w e d  
down u n t i l  a l m o s t  t i g h t .  The two p a i r s  o f  v a l v e s  w e r e  t h e n  
a t t a c h e d  and h y d r a u l i c  f l u i d  g e n t l y  pumped i n t o  t h e  v e s s e l  
u n t i l  i t  s e e p ed  o u t  a r o u n d  t h e  c l o s i n g  n u t .  The r e t u r n  v a l v e  
t o  t h e  h y d r a u l i c  r e s e v o i r  was ope n ed  and t h e  c l o s i n g  n u t•V
t i g h t e n e d ,  f o r c i n g  e x c e s s  h y d r a u l i c  f l u i d  b a c k  t o  t h e  r e s e v o i r  
and e n s u r i n g  t h a t  no a i r  was t r a p p e d  w i t h i n  t h e  v e s s e l .
Each t i m e  t h e  s a m p l e  h o l d e r  was r e m o ve d  f r o m  t h e  p r e s s u r e  
v e s s e l  t o  be r e f i l l e d ,  i t  was n e c e s s a r y  t o  s e p a r a t e  t h e  
h y d r a u l i c  f l u i d  w h i c h  had c o n t a m i n a t e d  t h e  m e r c u r y .  The l i n e r  
was r e mo ved  by  i n s e r t i n g  two  a l u m i n i u m  w e l d i n g  r o d s ,  h o o k e d  
a t  one e n d ,  i n t o  t h e  two h o l e s  p r o v i d e d  f o r  t h i s  p u r p o s e ,  n e a r  
t h e  t o p  o f  t h e  l i n e r ,  and t h e n  w i t h d r a w i n g  t h e  l i n e r  c o n t a i n i n g  
t h e  m e r c u r y  and t h e  h y d r a u l i c  f l u i d .  The c o n t e n t s  o f  t h e  l i n e r  
w e r e  p o u r e d  i n t o  a s e p a r a t i n g  f u n n e l  and t h e  l o w e r  m e r c u r y  
l a y e r  d r awn  o f f  and r e t u r n e d  t o  t h e  l i n e r  f o r  f u r t h e r  u s e .
4 . 2 . 2 .  E x p e r i m e n t a l  M e t h o d .
a)  A t t a i n m e n t  o f  E q u i l i b r i u m .
B e f o r e  t h e  a p p a r a t u s  was a s s e m b l e d  t h e  o i l  b a t h  was 
a l l o w e d  t o  r e a c h  a c o n s t a n t  t e m p e r a t u r e .  Once t h e  s a m p l e  
h o l d e r  was f i x e d  i n s i d e  t h e  p r e s s u r e  v e s s e l ,  t h e  e l e c t r i c a l  
c o n n e c t i o n s  t o  t h e  s t i r r e r  w e r e  made and t h e  m a g n e t i c  s t i r r e r  
was s e t  i n  o p e r a t i o n  a t  t h e  c o n t r o l  b o x .  The p r e s s u r e  was 
a d j u s t e d  i n  t h e  v e s s e l  t o  t h e  r e q u i r e d  v a l u e  and t h e n  h a l f  an 
h o u r  was a l l o w e d  f o r  any  h e a t  o f  c o m p r e s s i o n  t o  be d i s s i p a t e d .  
The p r e s s u r e  was t h e n  a d j u s t e d ,  i f  r e q u i r e d ,  and t h e  v e s s e l  
i s o l a t e d  f r o m  t h e  pump by means o f  a v a l v e  t o  p r e v e n t  any  l o s s
o f  p r e s s u r e  due t o  l e a k a g e  o f  h y d r a u l i c  f l u i d  p a s t  t h e  non 
r e t u r n  v a l v e s  i n  t h e  pump.
A f t e r  t w e n t y - f o u r  h o u r s  t h e  f i r s t  s a m p l e  o f  each  l a y e r  
was t a k e n  and a n a l y s e d  t h r e e  t i m e s  on t h e  gas  c h r o m a t o g r a p h ,  
an a v e r a g e  o f  t h e  t h r e e  r e a d i n g s  b e i n g  t a k e n ,  w h i c h  u s u a l l y  
v a r i e d  by  -  0 . 5 %.  F u r t h e r  s a m p l e s  w e r e  t a k e n  a t  s i x  h o u r l y  
i n t e r v a l s  u n t i l  t h e  c o m p o s i t i o n  was f o u n d  t o  be c o n s i s t e n t  
w i t h  t h e  p r e v i o u s  r e s u l t .  By t h i s  m e t h o d  e q u i l i b r i u m  was 
f o u n d  t o  be o b t a i n e d  u s u a l l y  a f t e r  36 h o u r s .
Once e q u i l i b r i u m  had been  a t t a i n e d  t h e  p r e s s u r e  was 
a l t e r e d ,  as d e s c r i b e d  a b o v e ,  and t h e  p r o c e s s  r e p e a t e d .
b)  M e a s u r e m e n t s  a t  A t m o s p h e r i c  P r e s s u r e .
A l t h o u g h  f o r  h i g h  p r e s s u r e  r u n s  s a m p l e s  w e r e  t a k e n  a t  
c o n s t a n t  t e m p e r a t u r e  and a t  v a r i o u s  p r e s s u r e s  ( t h i s  was 
m os t  c o n v e n i e n t  s i n c e  p r e s s u r e  e q u i l i b r i u m  was a c h i e v e d  
more r a p i d l y  t h a n  t e m p e r a t u r e  e q u i l i b r i u m )  t h e  f i r s t  s e t  o f  
d a t a  was t a k e n  a t  a c o n s t a n t  p r e s s u r e  o f  1 a t m .  and a t  v a r i o u s  
t e m p e r a t u r e s  i n  t h e  r a n g e  25 -  1 0 0 °C .  These  d a t a ,  on c o m p a r i s o n  
w i t h  p u b l i s h e d  l i q u i d - l i q u i d  d a t a  f o r  t h e  m e t h y l  e t h y l  k e t o n e  
s y s t e m ,  g i v e  an i n d i c a t i o n  o f  t h e  p r e c i s i o n  w i t h  w h i c h  l i q u i d -  
l i q u i d  e q u i l i b r i u m  d a t a  c o u l d  be f o u n d  u s i n g  t h i s  a p p a r a t u s .
The r e s u l t s  o b t a i n e d  c ompar e  w e l l  w i t h  t h o s e  o f  CAMPBELL,  
KARTZMARK & FALCONER ( 2 8 )  and  t h e  l e s s  numer ous  r e s u l t s  o f  
GIMMINGS, PLONK & CARTER(21) .  The s u c c e s s  a c h i e v e d  w i t h  
t h e s e  i n i t i a l  r e a d i n g s  i n c r e a s e d  t h e  c o n f i d e n c e  i n  t h o s e  y e t  
t o  be t a k e n  a t  e l e v a t e d  p r e s s u r e s .
c)  M e t h o d  o f  Samp l e  R e m o v a l .
W i t h  t h e  s y s t e m  p r e s s u r i s e d  v a l v e  ( 2 )  i n  F i g .  ( 3 - 6 )  was 
s l o w l y  ope n ed  and a q u a n t i t y  o f  l i q u i d  r emo ved  f r o m  t h e
c a p i l l a r y  t o  f l u s h  o u t  t h e  w h o l e  l e n g t h  o f  t h e  c a p i l l a r y  
( A p p e n d i x  I I ) ,  v a l v e  ( 2 )  was t h e n  c l o s e d  and v a l v e  ( 3 )  
ope ne d  a l l o w i n g  a c e t o n e  t o  r u n  t h r o u g h  v a l v e  ( 2 ) .  When 
a p p r o x i m a t e l y  20 m l .  o f  a c e t o n e  had been c o l l e c t e d  v a l v e  
( 3 )  was c l o s e d  and  v a l v e  ( 2 )  was assumed o n l y  t o  c o n t a i n  
a c e t o n e  ( A p p e n d i x  I I ) .  V a l v e  ( 2 )  was t h e n  ope n ed  s l o w l y  and 
a p p r o x i m a t e l y  0 . 5  m l .  o f  l i q u i d  was a l l o w e d  t o  r u n  o u t  o f  
t h e  c a p i l l a r y  ( 6 ) .  T h i s  s a m p l e  was c o l l e c t e d  i n  a 4 m l .  
t e s t  t u b e  ( 7 )  s e a l e d  w i t h  a r u b b e r  s e r u m c a p .  The s h a r p e n e d  
end o f  t h e  c a p i l l a r y  ( 6 )  was f o r c e d  t h r o u g h  t h i s  s e a l  p r i o r  
t o  t h e  s a m p l e  b e i n g  r e m o v e d ,  t h u s  t h e  s a m p l e  was c o l l e c t e d  
w i t h  no l o s s e s  due t o  e v a p o r a t i o n .  The a c e t o n e  n o t  o n l y  
s e r v e d  t o  f l u s h  t h e  p r e v i o u s  s am p l e '  f r o m  t h e  v a l v e ,  b u t  a l s o  
t o  a c t  as a m u t u a l  s o l v e n t  f o r  t h e  new s a m p l e  s h o u l d  i t  s p l i t  
i n t o  two p h a s es  a t  a m b i e n t  c o n d i t i o n s .
Remova l  o f  t h e  c o n t e n t s  o f  t h e  s a m p l e  h o l d e r  r e s u l t e d  i n  
a d r o p  i n  p r e s s u r e  t h r o u g h o u t  t h e  s y s t e m .  H o w e v e r  i f  t h e  
s a m p l e s  w e r e  r e mo ved  s u f f i c i e n t l y  s l o w l y ,  i t  was e a s y  t o  
m a i n t a i n  t h e  p r e s s u r e  a t  a c o n s t a n t  v a l u e  by p u m p i n g  i n  more  
h y d r a u l i c  f l u i d  as t h e  s a m p l e  was r e m o v e d .  Thus t h e  c o m p o s i t i o n  
o f  t h e  t wo  l a y e r s  d i d  n o t  c han ge  as t h e  p r e s s u r e  a t t e m p t e d  
t o  d r o p .  A l s o ,  s h o u l d  any  p r e s s u r e  c han ge  o c c u r  d u r i n g  t h i s  
o p e r a t i o n ,  i t  was e x p e c t e d  t h a t  t h e  r e s u l t i n g  c o m p o s i t i o n  c h an g e  
w o u l d  be n e g l i g i b l e ,  b e a r i n g  i n  m i n d  t h e  t i m e  t a k e n  f o r  t h e  
s a m p l e  t o  r e a c h  e q u i l i b r i u m  i n  t h e  f i r s t  p l a c e .
Samp l es  o f  t h e  s y s t e m  a t  a t m o s p h e r i c  p r e s s u r e  w e r e  
r e mo v ed  i n  e x a c t l y  t h e  same m a n n e r ,  e x c e p t  t h a t  t h e  h y d r a u l i c  
pump was used  t o  g e n e r a t e  j u s t  s u f f i c i e n t  p r e s s u r e  t o  f o r c e  
t h e  s a m p l e s  t h r o u g h  t h e  c a p i l l a r i e s .  The r e q u i r e d  p r e s s u r e  
was so l o w  t h a t  i t  d i d  n o t  r e g i s t e r  on t h e  B o u r d o n  g a u g e .
4 . 3  D e t e r m i n a t i o n  o f  C o m p r e s s i b i l i t y  D a t a .
4 . 3 . 1 .  P r e l i m i n a r y  M e a s u r e m e n t s .
a)  V e s s e l  V o l u m e .
The i n t e r n a l  d i m e n s i o n s  o f  t h e  c y l i n d e r  and  t h e  
d i m e n s i o n s  o f  t h e  p i s t o n  w e r e  m e a s u r e d  t o  +_ D . 0 01  i n c h e s  
u s i n g  m i c r o m e t e r s .  The i n t e r n a l  v o l u m e  o f  t h e  c y l i n d e r  was 
t h e n  c a l c u l a t e d  w i t h  t h e  base  o f  t h e  p i s t o n  f l u s h  w i t h  
b o t t o m  o f  t h e  c y l i n d e r .
b )  C a l i b r a t i o n  o f  T r a n s d u c e r .
The s h a f t  o f  t h e  t r a n s d u c e r  was f u l l y  e x t e n d e d  and i t s  
end c l a m p e d  i n  a h o l d e r  n o r m a l l y  used  f o r  a m i c r o m e t e r - p i p e t t e , 
F i g .  ( 4 - 2 ) ,  l e a v i n g  t h e  body  o f  t h e  t r a n s d u c e r  f r e e  t o  move.
The t e r m i n a l s  o f  t h e  t r a n s d u c e r  w e r e  c o n n e c t e d  t o  t h e  p o w e r  
s u p p l y  and t h e  v o l t a g e  d r o p  a c r o s s  t h e  t r a n s d u c e r  b a l a n c e d  
by a d j u s t i n g  t h e  v a r i a b l e  r e s i s t o r  ( 1 0  t u r n  p o t e n t i o m e t e r ) .
W i t h  t h e  t r a n s d u c e r  s h a f t  f u l l y  e x t e n d e d  a n u l l  p o i n t  was 
n o t  o b t a i n e d  u n t i l  t h e  p o t e n t i o m e t e r  was a t  t h e  l i m i t  o f  i t s  
r a n g e .
The m i c r o m e t e r  head was t h e n  a d j u s t e d  u n t i l  i t  j u s t  
t o u c h e d  t h e  bas e  o f  t h e  body  o f  t h e  t r a n s d u c e r ,  t h i s  was 
b e s t  o b s e r v e d  by  w a t c h i n g  t h e  n u l l  d e t e c t o r .  U s i n g  t h e  
p o t e n t i o m e t e r  a n u l l  p o i n t  was a g a i n  f o u n d .  The r e a d i n g s  
on t h e  m i c r o m e t e r  head and p o t e n t i o m e t e r  w e r e  n o t e d .  The 
m i c r o m e t e r  head  was t h e n  s c r e w e d  down by  i n c r e m e n t s  o f  
0 . 0 2 5 ” . T h i s  had t h e  e f f e c t  o f  p u s h i n g  t h e  body  o f  t h e  
t r a n s d u c e r  up t h e  s h a f t .  On each  o c c a s i o n  t h e  n u l l  d e t e c t o r  
was b a l a n c e d  and t h e  p o t e n t i o m e t e r  r e a d i n g  n o t e d .  T h i s  
p r o c e s s  was c o n t i n u e d  u n t i l  t h e  t r a n s d u c e r  had r e a c h e d  t h e  
end o f  i t s  t r a v e l .  A t  t h i s  p o i n t  t h e  p o t e n t i o m e t e r  was a t  t h e
FIGURE ( 4 - 2 )  M i c r o m e t e r  used f o r  t h e  c a l i b r a t i o n  o f  t h e  t r a n s d u c e r
l i m i t  o f  t h e  o t h e r  end o f  i t s  r a n g e .  A c a l i b r a t i o n  c h a r t  
was t h e n  p l o t t e d  o f  d i s t a n c e  moved by t h e  t r a n s d u c e r  s h a f t  
a g a i n s t  t h e  numbe r  o f  t u r n s  o f  t h e  p o t e n t i o m e t e r  r e q u i r e d  
t o  a c h i e v e  a n u l l  p o i n t .  Thus  f r o m  t h i s  c u r v e  t h e  d i s t a n c e  
moved by  t h e  p i s t o n  c o u l d  e a s i l y  be f o u n d  by r e f e r e n c e  t o  
t h e  p o t e n t i o m e t e r .  T h i s  c a l i b r a t i o n  c h a r t ,  F i g .  ( 4 - 3 ) .  was 
f o u n d  t o  be l i n e a r  f o r  t h e  m o s t  p a r t  b u t  s u b s t a n t i a l  
d e v i a t i o n s  f r o m  l i n e a r i t y  o c c u r r e d  a t  each  end o f  t h e - s h a f t ’ s 
t r a v e l .  - '
c )  Z e r o i n g  o f  t h e .  T r a n s d u c e r .
To e n a b l e  t h e  v o l u m e  o f  t h e  s a m p l e  h o l d e r  t o  be a c c u r a t e l y  
d e t e r m i n e d  a t  any  t e m p e r a t u r e  and p r e s s u r e ,  a r e f e r e n c e  p o i n t  
f o r  t h e  p i s t o n  and  t h e  t r a n d u c e r  had t o  be f o u n d .  A k n o w l e d g e  
o f  t h e  p o s i t i o n  o f  t h e  t r a n s d u c e r  s h a f t  when t h e  ba se  o f  t h e  
p i s t o n  i s  f l u s h  w i t h  t h e  b o t t o m  o f  t h e  c y l i n d e r  w o u l d  be m o s t  
u s e f u l .  U s i n g  a f l y  p r e s s  t h e  p i s t o n  ( r e f e r  t o  F i g .  3 - 7 )  was 
g e n t l y  p u s h e d  i n t o  t h e  c y l i n d e r  u n t i l  i t s  base  was f l u s h  w i t h  
t h e  b o t t o m  o f  t h e  c y l i n d e r .  The a p p a r a t u s  shown i n  F i g .  ( 4 - 4 )  
was t h e n  a s s e m b l e d  ( a  d e t a i l e d  d e s c r i p t i o n  o f  t h i s  p r o c e d u r e  
i s  g i v e n  b e l o w ) .  Once a s s e m b l e d  t h e  t e r m i n a l s  o f  t h e  t r a n s d u c e r  
w e r e  c o n n e c t e d  t o  t h e  p o w e r  s u p p l y ,  t h e  n u l l  p o i n t  f o u n d  and  t h e  
r e a d i n g  on t h e  p o t e n t i o m e t e r  n o t e d .  The k n o w l e d g e  o f  t h i s  
q u a n t i t y  e n a b l e d  t h e  t r u e  v o l u m e  o f  t h e  c o n t e n t s  o f  t h e  c y l i n d e r  
t o  be c a l c u l a t e d  s h o u l d  t h e r e  be any  c ha n ge  i n  v o l u m e  due t o  
t h e r m a l  e x p a n s i o n  sfao .4®- ' onc e  e n c l o s e d  w i t h i n  
t h e  p r e s s u r e  v e s s e l .
4 . 3 . 2 .  A p p a r a t u s  -  G e n e r a l  A s s e m b l y .
The a s s e m b l y  t h a t  f i t t e d  i n s i d e  t h e  p r e s s u r e  v e s s e l  i s  
shown i n  F i g .  ( 3 - 7 ) .  T h i s  was a t t a c h e d  t o  t h e  c o v e r  o f  t h e
' 
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p r e s s u r e  v e s s e l  by  e x a c t l y  t h e  same means as t h o s e  by w h i c h  
t h e  e q u i l i b r i u m  d a t a  s a m p l e  h o l d e r  was h e l d .  F o r  t h e s e  
e x p e r i m e n t s  t h e  s a m p l i n g  v a l v e s  and ' Y 1 b l o c k  w e r e  r e mo ved  
and t h e  c o v e r  o f  t h e  v e s s e l  s e a l e d  w i t h  a p l u g .  The w h o l e  
a s s e m b l y  i s  shown i n  F i g .  ( 4 - 4 ) .
i
4 . 3 . 3 .  E x p e r i m e n t a l  M e t h o d .
a)  F i l l i n g  and a s s e m b l y  o f  s a m p l e  h o l d e r .  '
The c y l i n d e r  and p i s t o n  w e r e  c l e a n e d  w i t h  d e t e r g e n t ,  
t h o r o u g h l y  r i n s e d  w i t h  t a p  w a t e r ,  t h e n  d i s t i l l e d  w a t e r  and 
f i n a l l y  d r i e d .  U s i n g  a f l y  p r e s s  and a s u i t a b l e  s p a c e r  t h e  
p i s t o n  was p u s h e d  i n t o  t h e  c y l i n d e r  u n t i l  i t s  b as e  was 
a p p r o x i m a t e l y  0 . 2 5 0 ' '  i n s i d e  t h e  c y l i n d e r .  The c y l i n d e r  was 
• t h e n  f i l l e d  w i t h  t h e  l i q u i d  u n d e r  t e s t  by  i n j e c t i n g  i t  w i t h  a 
h y p o d e r m i c  s y r i n g e  t h r o u g h  t h e  h o l e  i n  t h e  c e n t r e  o f  t h e  p i s t o n .  
The s a m p l e  h o l d e r  was t h e n  v i g o r o u s l y  k n o c k e d  on t h e  b e n ch  
u n t i l  no more a i r  b u b b l e s  a p p e a r e d  a t  t h e  h o l e  i n  t h e  p i s t o n .
I t  i s  f e l t  t h a t  f r o m  t h e  e x p e r i e n c e  o f  r e m o v i n g  t r a p p e d  a i r  
b u b b l e s  f r o m  t h e  p y k n o m e t e r s ,  t h a t  t h i s  m e th o d  was s a t i s f a c t o r y  
i n  r e m o v i n g  t h e  a i r  b u b b l e s  a d h e r i n g  t o  t h e  w a l l  o f  t h e  c y l i n d e r .  
Once t h e  a i r  had been  r e mo ved  t h e  h o l e  i n  t h e  p i s t o n  was s e a l e d  
u s i n g  t h e  P . T . F . E .  and b r a s s  w a s h e r s  and s e c u r i n g  t h e m  w i t h  
t h e  4BA b o l t .  The c y l i n d e r  was t h e n  a t t a c h e d  t o  t h e  c o v e r  o f  
t h e  v e s s e l  by  s c r e w i n g  i t  t o  t h e  s u p p o r t i n g  f r a m e  a t t a c h e d  t o  
t h e  c o v e r .  N e x t ,  t h e  t r a n s d u c e r  s h a f t  was s c r e w e d  i n t o  i t s  
l o c a t i n g  h o l e ,  i t s  s u p p o r t  c l i p p e d  r o u n d  i t  and t h e  s u p p o r t  
s c r e w e d  t o  t h e  v e s s e l .
T h i s  a s s e m b l y  was t h e n  p l a c e d  i n  t h e  p r e s s u r e  v e s s e l ,  
t h e  p o w e r  s u p p l y  c o n n e c t e d  t o  t h e  t h r e e  e l e c t r o d e s ,  and t h e  
p r e s s u r e  v e s s e l  c l o s e d  as d e s c r i b e d  i n  S e c t .  4 . 2 . l . b .
FIGURE ( 4 - 4 )  A r r a n g m e n t  o f  t h e  c o m p r e s s i b i l i t y  c e l l
b e f o r e  i n s e r t i o n  i n t o  t h e  p r e s s u r e  v e s s e l
b)  A t t a i n m e n t  o f  t h e r m a l  e q u i l i b r i u m .
Once i n s i d e  t h e  p r e s s u r e  v e s s e l  t h e  l i q u i d  u n d e r  t e s t  
e x p a n d e d  u n t i l  i t  had r e a c h e d  t h e  same t e m p e r a t u r e  as t h a t  o f  
t h e  o i l  b a t h .  T h i s  e x p a n s i o n  r e s u l t e d  i n  a downward  movement  
o f  t h e  p i s t o n  ( t h e  r e a s o n  why t h e  p i s t o n  was i n i t i a l l y  p us hed  
some d i s t a n c e  i n t o  t h e  c y l i n d e r )  w h i c h  c o u l d  be o b s e r v e d  by 
t h e  d e f l e c t i o n  o f  t h e  n u l l  d e t e c t o r .  U s i n g  t h e  p o t e n t i o m e t e r  
t h e  n u l l  p o i n t  was f o u n d  o n c e  a g a i n .  The p r o c e s s  was 
c o n t i n u e d  u n t i l  t h e  n u l l  d e t e c t o r  c e a s e d  t o  show a ny  f u r t h e r  
d e f l e c t i o n .  D u r i n g  t h i s  t i m e  t h e  r e t u r n  v a l v e  t o  t h e  h y d r a u l i c  
' r e s e v o i r  was o p e n .  I t  was t h e n  t h a t  t h e  l i q u i d  u n d e r  t e s t  
was c o n s i d e r e d  t o  have  a t t a i n e d  t h e r m a l  e q u i l i b r i u m  and t h e  
p o t e n t i o m e t e r  r e a d i n g  was n o t e d . - From t h i s  p o t e n t i o m e t e r  
r e a d i n g  and  t h e  one o b t a i n e d  d u r i n g  t h e  " z e r o i n g ” p r o c e d u r e  
t h e  i n i t i a l  v o l u m e  o f  t h e  s a m p l e  c o u l d  be a c c u r a t e l y  c a l c u l a t e d .
c )  The Me a s u r e m e n t  o f  C o m p r e s s i b i l i t y .
Con.H s i b i l i t i e s  w e r e  m e a s u r e d  up t o  p r e s s u r e s  o f  
2 5 , 0 0 0  p,s.i, a t  i n t e r v a l s  o f  2 , 5 0 0  p .s .i.
The r e t u r n  v a l v e  t o  t h e  h y d r a u l i c  r e s e v o i r  was c l o s e d  
and t h e  p r e s s u r e  i n  t h e  v e s s e l  r a i s e d  t o  2500  p.s.i. The 
movement  o f  t h e  p i s t o n  was d e t e r m i n e d  by a d j u s t i n g  t h e  
p o t e n t i o m e t e r  u n t i l  t h e  n u l l  p o i n t  was o b t a i n e d .  The 
a p p a r a t u s  was l e f t  f o r  15 m i n u t e s . d u r i n g  w h i c h  t i m e  any  
h e a t ,  g e n e r a t e d  as a r e s u l t  o f  t h e  c o m p r e s s i o n  o f  t h e  
h y d r a u l i c  f l u i d ,  was d i s s i p a t e d ,  r e s u l t i n g  i n  a d r o p  i n  
p r e s s u r e  and  a s l i g h t  downward  movement  o f  t h e  p i s t o n .  A 
c o n t i n u a l  up wa r d  movement  o f  t h e  p i s t o n  ( o b s e r v e d  f r o m  t h e  
n u l l  d e t e c t o r )  i n d i c a t e d  l e a k a g e  o f  f l u i d  p a s t  t h e  ' O ’ r i n g s .
N o r m a l l y  t h e s e  p r e s s u r e  c h a n g e s  w e r e  h a r d l y  n o t i c e a b l e  
b e t w e e n  t h e  2500  p,s,i. i n t e r v a l s ,  h o w e v e r ,  i f  t h i s  p r o c e d u r e
was n o t  f o l l o w e d  t h e  c u m u l a t i v e  e f f e c t  w o u l d  l e a d  t o  
c o n s i d e r a b l e  i n a c c u r a c i e s  i n  t h e  r e g i o n  o f  t h e  maximum 
p r e s s u r e  u s e d .  When n e c e s s a r y  t h e  p r e s s u r e  was a d j u s t e d  t o  
t h e  r e q u i r e d  v a l u e  and t h e  n u l l  d e t e c t o r  f i n a l l y  z e r o e d .
D u r i n g  t h i s  o p e r a t i o n ,  c a r e  was t a k e n  t o  e n s u r e  t h a t  i n  
a p p r o a c h i n g  t h e  n u l l  p o i n t  ( a n d  f i n a l l y  l o c a t i n g  i t )  t h e  
p o t e n t i o m e t e r  was a l w a y s  t u r n e d  i n  an a n t i - c l o c k w i s e  d i r e c t i o n .  
By t h i s  means t h e  b a c k l a s h  i n  t h e  p o t e n t i o m e t e r  was a l w a y s  
t a k e n  up and c o u l d  n o t  c au se  i n a c c u r a c i e s  b e t w e e n  one r e a d i n g  
and t h e  n e x t  ( t h e  same p r o c e d u r e  was f o l l o w e d  when c a l i b r a t i n g  
t h e  t r a n s d u c e r ) . The p r e s s u r e  and p o t e n t i o m e t e r  r e a d i n g s  w e r e  
n o t e d .  T h i s  p r o c e d u r e  was r e p e a t e d  a t  each  p r e s s u r e  up t o  t h e  
maximum.
Once t h e  maximum p r e s s u r e  had been  a c h i e v e d  t h e  p r e s s u r e
was l o w e r e d  i n  s t e p s  o f  2500  p s i . 15 m i n u t e s  w e r e  a g a i n
f?a l l o w e d  f o r  t h e r m a l  e q u i l i b r i u m  t o  be a c h i e v e d  and a f t e r  f i n a l
a d j u s t m e n t s  t o  p r e s s u r e  and p o t e n t i o m e t e r  t h e i r  v a l u e s  w e r e
n o t e d .  On r e a c h i n g  a t m o s p h e r i c  p r e s s u r e  t h e  f i n a l  r e a d i n g  o f
t h e  p o t e n t i o m e t e r  was c o m p ar e d  w i t h  i t s  i n * t i a l  r e a d i n g .  These
A
two r e a d i n g s  b e i n g  e q u a l  i n d i c a t e d  t h a t  no l e a k a g e  had o c c u r r e d  
p a s t  t h e  ’ O ’ r i n g s  i n  e i t h e r  d i r e c t i o n .  I n  p r a c t i c e  +_ 0 . 0 5 % o f  
f u l l  s c a l e  o f  t h e  p o t e n t i o m e t e r  d i a l  was c o n s i d e r e d  a c c e p t a b l e .  
I f  t h e  d i f f e r e n c e  was g r e a t e r  t h a n  t h i s  r e q u i r e m e n t  t h e n  t h e  
r e s u l t s  w e r e  c o n s i d e r e d  i n s u f f i c i e n t l y  a c c u r a t e  and t h e  r u n  
was r e p e a t e d .
The a bo ve  p r o c e d u r e  was used  t o  o b t a i n  t h e  c o m p r e s s i b i l i t y  
o f  p u r e  w a t e r ,  p u r e  M e t h y l  e t h y l  k e t o n e  and m i x t u r e s  o f  t h e s e  
t wo  c o m p o n e n t s  a t  t e m p e r a t u r e s  o f  30 ,  50 and 70 ° C .
4.4 Investigation of Individual Systems.
4 . 4 . 1 . C o m p r e s s i b i l i t y  o f  W a t e r .
The c o m p r e s s i b i l i t y  o f  w a t e r  was m e a s u r e d  by  t h e  m e t h o d  
d e s c r i b e d  abo ve  and t h e  r e s u l t s  o b t a i n e d  c om pa r ed  w i t h  
B r i d g m a n ’ s d a t a  f o r  t h e  c o m p r e s s i b i l i t y  o f  w a t e r .  F i g .  ( 4 - 5 )  
c om pa r es  t h e  two s e t s  o f  d a t a .
The d a s h e d  l i n e  r e p r e s e n t s  B r i d g m a n ’ s d a t a  and  t h e  
c o n t i n u o u s  l i n e  r e p r e s e n t s  t h e  r e s u l t s  o b t a i n e d  d u r i n g  t h i s  
w o r k .  A t  t h e  t h r e e  t e m p e r a t u r e s  c o n s i d e r e d  t h e  r e s p e c t i v e  
p o i n t s  v i r t u a l l y  l i e  on t h e  same c u r v e .  T h e  p o i n t s  o b t a i n e d  
i n  t h i s  w o r k  l i e  on a n o t h e r  c u r v e .  I n s p e c t i o n  o f  F i g .  ( 4 - 5 )  
shows t h a t  t h e r e  a p p e a r s  t o  be a s y s t e m a t i c  e r r o r  i n  t h e  
m e t h od  used  t o  o b t a i n  t h e  c o m p r e s s i b i l i t i e s  i n  t h i s  w o r k .
I n  a l l  c a s e s  t h e  e r r o r  i s  + 0 . 0 0 3 .
F o r  t h e  c a l c u l a t i o n  o f  t h e  v o l u m e  c hange  on m i x i n g  a t
h i g h  p r e s s u r e s  t h e  c o m p r e s s i b i l i t y  d a t a  a r e  r e q u i r e d  r e l a t i v e
t o  t h e  t e m p e r a t u r e  u n d e r  c o n s i d e r a t i o n ,  and t h e  v a l u e s  o b t a i n e d
i n  t h i s  w o r k  have  been c a l c u l a t e d  on t h a t  b a s i s .  B r i d g m a n
p r e s e n t s  h i s  d a t a  r e l a t i v e  t o  t h e  v o l u m e  o f  w a t e r  a t  0°C a n d ,
t h e r e f o r e ,  i t  was' n e c e s s a r y  t o  c o n v e r t  h i s  d a t a , r e l a t i v e
t o  t h e  t e m p e r a t u r e  a t  w h i c h  i t  was o b t a i n e d  f o r  use  i n  F i g .
( 4 - 5 ) .  T h i s  c o n v e r s i o n  was a c h i e v e d  by  u s i n g  t h e  w a t e r  d e n s i t y
d a t a  f r o m  t h e  S m i t h s o n i a n  T a b l e s  ( T a b l e  287 f o r  30°C and
T a b l e  290 f o r  50 and 7 0 ° C ) . The c o m p r e s s i b i l i t y  a t  t e m p e r a t u r e ,
T,  was t h a t  f o u n d  f r o m  t h e  f o r m u l a :
V _ | x
Vo Vo B r i d g m a n  p°
w h e r e :  V / y  = c o m p r e s s i b i l i t y  r e f e r r e d  t o  t e m p e r a t u r e ,  T.
This work
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301 0 2 00
3*P r e s s u r e  ( psi  x 1 0 )
FIGURE ' ( 4 - 5 ) C a m p a r i s  o n o f  h □ w a t  e r  c a m fi r  a a a i  b i  1 i  t  y □ b i, a i  n a d 
i  n t  h i  s wo r  k w i  i; h t  h a t  □ f  B r  i  d gma n
( V / \ / o ) B r i d g m a n  = B r i d g m a n ’ s v a l u e  o f  c o m p r e s s i b i l i t y ,  
p^" = D e n s i t y  o f  w a t e r  a t  T°C.  
p °  = D e n s i t y  o f  w a t e r  a t  D°C.
4 . 4 . 2  C o m p r e s s i b i l i t y  o f  M e t h y l  E t h y l  K e t o n e .
The c o m p r e s s i b i l i t y  o f  m e t h y l  e t h y l  k e t o n e  was m e a s u r e d  
by t h e  m e t h o d  d e c r i b e d  a b o ve  a t  t h e  same t e m p e r a t u r e s  as w a t e r .  
S i n c e  t h e r e  a r e  no p r e v i o u s  d a t a  w i t h  w h i c h  t o  c om pa r e  t h e m ,  
and a l s o  c o n s i d e r i n g  t h e  f u t u r e  use o f  t h e i r  v a l u e s ,  t h e y  w e r e  
c a l c u l a t e d  w i t h  r e s p e c t  t o  t h e i r  v o l u m e  a t  a t m o s p h e r i c  p r e s s u r e  
and t h e  t e m p e r a t u r e  u n d e r  c o n s i d e r a t i o n .
4 . 4 . 3  C o m p r e s s i b i l i t y  o f  N e t h y l  E t h y l  K e t o n e / W a t e r  M i x t u r e s .
The c o m p r e s s i b i l i t i e s  'were m e a s u r e d  a t  t h e  same t e m p e r a t u r e s  
and  by  t h e  same m e t h o d  as p r e v i o u s l y  d e s c r i b e d .  The m i x t u r e s  
c h o s e n  w e r e  i n  t h e  r a n g e  0 t o  15 w t . %  m e t h y l  e t h y l  k e t o n e  and 
90 t o  100 wt% m e t h y l  e t h y l  k e t o n e .  A t  t h e s e  c o m p o s i t i o n s ,  as 
seen  f r o m  t h e  pha se  d i a g r a m ,  F i g .  ( 1 - 1 ) , no phase  s p l i t t i n g  
w o u l d  o c c u r  a t  t h e s e  t e m p r a t u r e s .
S i x  m i x t u r e s  w e r e  i n v e s t i g a t e d .  T h e i r  a p p r o x i m a t e  
c o m p o s i t i o n s  w e r e  5 , 1 0 , 1 5 , 9 0 , 9 4  and  97 w t . %  m e t h y l  e t h y l  k e t o n e  
and w e r e  made up u s i n g  t h e  same m e t h o d  as t h a t  d e s c r i b e d  i n  
S e c t . 4 . 1 . 2 . e .
The a c t u a l  c o m p o s i t i o n s  used  i n  t h e  f o l l o w i n g  c o m p r e s s i b i l i t y  
w o r k  w e r e :
w t . %  NEK N o l e  f r a c t i o n  NEK
5 . 0 6 7  
1 0 . 0 2 5  
15.  190 
9 1 . 0 2 2  
94*. 092 
9 7 . 1 2 9
0 . 0 1 3
0 . 0 2 7
0 . 0 4 3
0 . 7 1 7
0 . 7 9 9
0 . 8 9 4
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CHAPTER 5
T r e a t m e n t  o f  R e s u l t s
5 . 1 .  S p e c i f i c  G r a v i t y  M e a s u r e m e n t s
5 . 1 . 1 .  C a l c u l a t i o n  o f  t h e  S p e c i f i c  G r a v i t y  and  D e n s i t y  c f  
t h e  M i x t u r e s
The r e s u l t s  o b t a i n e d  ( S e c t . 4 . 1 . 2 . f ) f o r  eac h  p y k r o r n e t e r ,
f i r s t  c o n t a i n i n g  w a t e r ,  and t h e n  a m e t h y l  e t h y l  k e t o n e / w a t e r
m i x t u r e ,  r e a d i l y  e n a b l e d  t h e  c a l c u l a t i o n  o f  t h e  s p e c i f i c
g r a v i t y  o f  t h e  m i x t u r e s ,  s i n c e :
W e i g h t  o f  a v o l u m e  o f  m i x t u r e  a t  t emp  T 
s *£*  W e i g h t  o f  an e q u a l  v o l u m e  o f  w a t e r  a t  t emp  T .
The s p e c i f i c  g r a v i t y  was c a l c u l a t e d  a t  3 0 ° ,  5 0 °  and 70°C
by t h i s  m e t h o d ,  f r o m  t h r e e  e x p e r i m e n t s  f o r  each  c o m p o s i t i o n ,
and t h e  mean o f  t h e s e  t h r e e  r e s u l t s  t a k e n .  M u l t i p l i c a t i o n  by
t h e  d e n s i t y  o f  w a t e r  a t  t h e  same t e m p e r a t u r e ,  g i v e n  by t h e
S m i t h s o n i a n  T a b l e s  ( 9 3 )  c o n v e r t s  t h e  s p e c i f i c  g r a v i t y  t o  t h e
d e n s i t y ,  t h e  u n i t s  o f  w h i c h  a r e  g m / m l . The se  r e s u l t s  a r e
s u m m a r i s e d  i n  T a b l e  ( 5 - 1 ) .
5 . 1 . 2 .  C a l c u l a t i o n  o f  t h e  Vo lume c ha n ge  on m i x i n g
A t  c o n s t a n t  t e m p e r a t u r e  and c o m p o s i t i o n ,  t h e  a c t u a l  m o l a r
v o l u m e ,  V , - , ' o f  t h e  m i x t u r e  i s ,  f r o m  t h e  d e f i n i t i o n  o f  t h e  
a c t
d e n s i t y ,
V , = 7 2 . 1 2 X i  + 1 8 . 0 2  ( 1 - x i )  ( 5 . 1 - 1 )a c t  ______________________________
p m i x
where  x ,  i s  t h e  m o l e  f r a c t i o n  o f  t h e  k e t o n e
The i d e a l  m o l a r  v o l u m e ,  u n d e r  t h e  same c o n d i t i o n s  i s
g i v e n  by :
where  : = t h e  m o l a r  v o l u m e  o f  p u r e  NEK a t  t emp T .
Vii n = t h e  m o l a r  v o l u m e  o f  p u r e  w a t e r  a t  t emp T .  n 2 u
Thus  w i t h  t h e  m e a s u r e d  v a l u e s  o f  t h e  s p e c i f i c  g r a v i t y  o f
NEK, a t  a g i v e n  t e m p e r a t u r e ,  t h e  v a l u e  o f  i s  e a s i l y
f o u n d  f r o m  t h e  d e f i n i t i o n  o f  t h e  d e n s i t y .  S i m i l a r l y  t h e
v a l u e  o f  Vu n a t  t h e  same t e m p e r a t u r e  i s  f o u n d  f r o m  t h e  
H 2 U
w a t e r  d e n s i t y  d a t a  ( 9 5 )  and e q u a t i o n  ( 5 . 1 - 2 )  becomes.  :
V.  . = x i  7 2 . 1 2  + ( 1 - X j )  1 8 . 0 2  ( 5 . 1 - 3 )
l d  n--------- ----------
PNEK PH 20
wh er e  p MCI/, P., n a r e  "the d e n s i t i e s  o f  NEK and  H2 0 
lvlt:l\ h 2 U
r e s p e c t i v e l y  a t  t h e  r e l e v a n t  t e m p e r a t u r e .
The e x c e s s  v o l u m e  o f  m i x i n g  i s  d e f i n e d  as t h e  d i f f e r e n c e  
b e t w e e n  t h e  a c t u a l  v o l u m e  and t h e  i d e a l  v o l u m e .  C o n v e r s i o n  
o f  t h e  c o m p o s i t i o n  f r o m  w e i g h t  p e r  c e n t  t o  m o l e  f r a c t i o n  
and  s u b t r a c t i o n  o f  e q u a t i o n  ( 5 . 1 - 3 )  f r o m  e q u a t i o n  ( 5 . 1 - 1 )  
y i e l d s  t h e  e x c e s s  v o l u m e  o f  m i x i n g .  The v a l u e s  a t  3 0 ,  50  
and  7 0 gC a r e  shown i n  T a b l e s  ( 5 - 1 4 )  t o  ( 5 - 1 6 ) .
5 . 1 . 3  C o m p a r i s o n  w i t h  o t h e r  W o r k e r s
Two s e t s  o f  d a t a  g i v i n g  t h e  v a r i a t i o n  o f  t h e  s p e c i f i c  
g r a v i t y  w i t h  c o m p o s i t i o n ,  t h o s e  o f  T a r a s o v  e t  a l .  ( 9 6 )  t a k e n  
a t  2 2 QC and  t h o s e  o f  Boeke and H a n e w a l d  ( 9 7 )  t a k e n  a t  2 1 ° C ,  
a g r e e  w e l l  w i t h  e ac h  o t h e r ,  and a l s o  w i t h  t h o s e  t a k e n  a t  
2 1 . 5 g C d u r i n g  t h i s  w o r k .
From t h e  s p e c i f i c  g r a v i t y  d a t a  o b t a i n e d  a t  2 1 . 5 ° C  
d u r i n g  t h i s  w o r k ,  shown i n  T a b l e  ( 5 - 2 ) , t h e  v o l u m e  c h a n g e s  
on m i x i n g  were  c a l c u l a t e d ,  and a r e  shown i n  T a b l e  ( 5 - 3 ) .  T he y  
a r e  p l o t t e d  t o g e t h e r  w i t h  t h o s e  c a l c u l a t e d  f r o m  t h e  s p e c i f i c
g r a v i t y  d a t a  o f  T a r a s o v  e t  a l  and Boeke & H a n ew a l d  i n
ts, oF i g .  ( 5 - 1 ) .  The v a l u e s  o f  A v^  a t  t e m p e r a t u r e s  o f  30 ,  50 and  70
Vo
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FIGURE ( 5 - 1 )  C o m p a r i s o n  o f  t h e  vo- lume c h a n g e
on m i x i n g  d a t a  o b t a i n e d  a t  2 1 . 5 0 C 
w i t h  t h a t  o f  o t h e r  w o r k e r s
a r e  shown p l o t t e d  i n  F i g .  ( 5 - 2  0 ) .
L a n d h o l d t  & B o r n s t e i n  ( 9 8 )  s t a t e  t h a t  t h e  d e n s i t y  o f  
m e t h y l  e t h y l  k e t o n e  i s  w e l l  r e p r e s e n t e d  i n  t h e  t e m p e r a t u r e  
r a n g e  0 - 5 0 ° C  by :
p = 0 . 8 2 5 1 1  -  1 . 0 2 2  x 1 0 " 3T -  0 . 4 6  x 1 0 " 6 T 2 ( 5 . 1
B e l o w  a r e  shown t h e  v a l u e s  o f  t h e  d e n s i t y  o f  m e t h y l  e t h y l  
k e t o n e  c a l c u l a t e d  f r o m  t h i s  e q u a t i o n  a t  t e m p e r a t u r e s  o f  
30 ,  50 and  70 ° C ,  c om p a r e d  w i t h  t h e  v a l u e s  o b t a i n e d  i n  t h i s  
w o r k .  A t  30 and  50°C t h e  a g r e e m e n t  i s  g o o d ,  a t  70 ° C ,  
h o w e v e r ,  t h e  a g r e e m e n t  i s  r a t h e r '  p o o r ,  p o s s i b l y  due t o  t h e  
f a c t  t h a t  t h i s  t e m p e r a t u r e  i s  o u t  o f  t h e  t e m p e r a t u r e  r a n g e  
o f  e q u a t i o n  ( 5 . 1 - 4 ) .
T e m p e r a t u r e  L a n d h . o l t  T h i s
° q & B o r n s t e i n  Work
30  0 . 7 9 4 4 4  0 . 7 9 4 4
50 0 . 7 7 3 2 6  0 . 7 7 2 8
70 0 . 7 5 1 7 2  0 . 7 4 8 6
5 . 2 .  E q u i l i b r i u m  Da ta  M e a s u r e m e n t s
5 . 2 . 1 .  M e a s u r e m e n t s  a t  A t m o s p h e r i c  P r e s s u r e
a ) T e s t i n g  T e c h n i q u e
S i x  s a m p l e s  o f  t h e  u p p e r  and l o w e r  l a y e r  were  r e mo v ed  
and a n a l y s e d ,  as  d e s c r i b e d  i n  S e c t . 4 . 2 . 2 . ,  i n  t h e  t e m p e r a t u r e  
r a n g e  25 -  1 0 0 GC. The r e s u l t s  a r e  shown i n  T a b l e  ( 5 - 4 ) .  T h e i r  
v a l u e s  a r e  i n  good  a g r e e m e n t  w i t h  C a m p b e l l ,  K a r t z m a r k  and 
F a l c o n e r  ( 2 8 )  and a l s o  w i t h  t h e  l e s s  e x t e n s i v e  d a t a  o f  
G i n n i n g s ,  P l o n k  and C a r t e r  ( 2 1 ) .  The r e s u l t s  o f  t h i s  w o r k  
c om pa r ed  w i t h  t h e  d a t a  o f  t h e  a b o ve  t wo  w o r k e r s  a r e  shown 
i n  F i g . ( 5 - 2  ) .
b )  D e t e r m i n a t i o n  o f  E m p i r i c a l  C o n s t a n t s
The d a t a  o b t a i n e d  a b o v e ,  t o g e t h e r  w i t h  t h e  d a t a  o f  o t h e r  
w o r k e r s ,  ( 2 1 )  ( 2 3 ) ,  ( 2 8 )  and ( 2 9 ) ,  we re  used  t o  d e t e r m i n e  t h e
c o n s t a n t s  i n  t h e  v an  L a a r , N R T L  ( a  f i x e d  a t  0 . 3 ) ,  H e i l  and  
Orye  e q u a t i o n s  f o r  e a c h  i n d i v i d u a l  p a i r  o f  d a t a  p o i n t s ,  i . e .  
i n d i v i d u a l  t i e - l i n e s .
F o r  e q u i l i b r i u m  b e t w e e n  t wo  p a r t i a l l y  m i s c i b l e  p h a s e s  i t  
i s  a n e c e s s a r y  t h e r m o d y n a m i c  c o n d i t i o n  t h a t  t h e  a c t i v i t y  o f  a 
c o m p o n e n t  i n  b o t h  p h a s e s  i s  e q u a l
i . e .  a i  = a i  ( 5 . 2  - 1 )
t h e r e f o r e ,  f r o m  e q u a t i o n  ( 2 . 1 - 1 7 )
x }  Y l  . ( 5 . 2 - 2 )
T h i s  e q u a l i t y  was used  i n  a c o m p u t e r  p r og r amme t o  
c a l c u l a t e  v a l u e s  o f  A and  B f o r  e a c h  o f  t h e  abo v e  m e n t i o n e d  
e q u a t i o n s  w h i c h  b e s t  f i t t e d  t h e  e x p e r i m e n t a l l y  o b t a i n e d  
d a t a .  The a b o v e - m e n t i o n e d  s o l u t i o n s  t o  t h e  G ibbs  Duhem 
e q u a t i o n  may be e x p r e s s e d  by t h e  g e n e r a l  t e r m  :
I n  Yi  = f ( x i , X 2 , A , B )  ( 5 . 2 - 3 )
T a k i n g  a n t i l o g s  o f  e q u a t i o n  ( 5 . 2 - 3 )  and s u b s t i t u t i n g  
i n t o  e q u a t i o n  ( 5 . 2 - 2 )  g i v e s  :
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FIGURE 5 - 2 )  L i q u i d - l i q u i d  e q u i l i b r i u m  d a t a  f o r  t h e  
M E K / w a t e r  s y s t e m  a t  1 a t m
100
^ i . e x p [ f ( x i , x 2 , A , B ) ]  = x i . e x p [ f ( x i , x 2 , A , B ) ]  ( 5 . 2 - 4 )
The s e l e c t i o n  o f  s u i t a b l e  v a l u e s  o f  A and  B y i e l d s  a 
c a l c u l a t e d  v a l u e  o f  Xi  f r o m  e q u a t i o n  . ( 5 . 2 - 4 ) ,  u s i n g  
e x p e r i m e n t a l l y  o b t a i n e d  v a l u e s  o f  x 2, x 2 , x i  and  x 2 .
The e q u a t i o n  f o r  t h e  c a l c u l a t e d  v a l u e  o f  x i  i s  o b t a i n e d  
f r o m  e q u a t i o n  ( 5 . 2 - 4 )  :
X i  c a l c u l a t e d  = x }  e x p [ f ( x i , x 2 , A , B ) - f ( x \ , x 2 , A , B )3 ( 5 . 2 - 5 )
The d i f f e r e n c e  b e t w e e n  t h e  e x p e r i m e n t a l  and 
c a l c u l a t e d  v a l u e s  o f  X i  may e i t h e r  be p o s i t i v e  o r  
n e g a t i v e ,  b u t  s q u a r i n g  t h i s  d i f f e r e n c e  w i l l  a l w a y s  y i e l d  
a p o s i t i v e  v a l u e .  T h i s  p r o c e d u r e  i s  r e p e a t e d  f o r  eac h  p a i r  
o f  v a l u e s  o f  X i  and x j  and t h e n  w i t h  e a c h  p a i r  o f  e x p e r i m e n t a l l y  
o b t a i n e d  v a l u e s  o f  x 2 and x 2 . The sum o f  t h e  s q u a r e d . d i f f e r e n c e s  
o b t a i n e d  i s  m i n i m i s e d  by  a d j u s t i n g  t h e  v a l u e s  o f  A and B.
Thus  t h e  r e s u l t i n g  v a l u e s  o f  A and B o b t a i n e d  a r e  s p e c i f i c
t o  one t i e - l i n e  a t  t h e  c o r r e s p o n d i n g  t e m p e r a t u r e .  T a b l e  ( 5 - 5 )
shows t h e  v a l u e s  o f  t h e  c o n s t a n t s  o b t a i n e d .
c ) T e m p e r a t u r e  d e p e n d e n c e  o f  t h e  c o n s t a n t s .
The c o n s t a n t s  d e r i v e d  as  d e s c r i b e d  abo v e  a r e  shown
p l o t t e d  i n  F i g s .  ( 5 - 3 ) ,  t o  ( 5 - 6 )  a g a i n s t  t e m p e r a t u r e .  To 
e ac h  o f  t h e s e  c u r v e s  a s e c o n d  o r d e r  p o l y n o m i a l  i n  t e m p e r a t u r e  
was f i t t e d ,  and  i n  each  o f  t h e  a b o v e  f i g u r e s  t h e  s o l i d  l i n e  
r e p r e s e n t s  t h e  b e s t  f i t .  The p o l y n o m i a l  used  i n  e a c h  c as e  
was o f  t h e  f o r m  :
A = a i o + a l  i T + a j 2 T 2 ( 5 . 2 - 6 )
and  t h e  v a l u e s  o f  t h e  c o e f f i c i e n t s ,  a i o » a n ,  and a j 2 , 
c o r r e s p o n d i n g  t o  e a c h  e q u a t i o n  a r e  t a b u l a t e d  i n  T a b l e  ( 5 - 6 ) .
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FIGURE ( 5 - 4 )  The NRTL c o n s t a n t s  vs  t e m p e r a t u r e  a t  1 a t m  - ( a - 0 . 3 )
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FIGURE ( 5 - 5 ) -  The H e i l  c o n s t a n t s  vs  t e m p e r a t u r e  a t  1 a t m
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FIGURE ' ( 5 - 6 )  The Orye  c o n s t a n t s  vs  t e m p e r a t u r e  ‘a t  1 a t m
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FIGURE ( 5 - 7 )  Me thod  o f  p r e d i c t i o n  o f  t i e ^ l i n e  d a t a
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FIGURE ( 5 - Q )  V a r i a t i o n  i n  l i q u i d  c o m p o s i t i o n  w i t h  p r e s s u r e  
f o r  t h e  M E K / w a t e r  s y s t e m
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FIGURE ( 5 - 9 )  V a r i a t i o n  o f  t h e  Orye  c o n s t a n t s  w i t h  p r e s s u r e  
a t  v a r i o u s  t e m p e r a t u r e s
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FIGURE ( 5 - 1 0 )  T i e  l i n e  d a t a  i n t e r p o l a t e d  by t h e  O ry e  
e q u a t i o n  a t  1 a t m
d)  P r e d i c t i o n  o f  t i e - l i n e  d a t a
W i t h  a k n o w l e d g e  o f  t h e  v a r i a t i o n  o f  each c o n s t a n t  w i t h  
t e m p e r a t u r e  i t  i s  p o s s i b l e  t o  p r e d i c t  t i e - l i n e  d a t a  a t  
v a r i o u s  t e m p e r a t u r e s ,  u t i l i z i n g  one o f  t h e  tJ w e»e e q u a t i o n s .
D u r i n g  t h e  f o l l o w i n g  t r e a t m e n t  t h e  a c t i v i t i e s  o f  t h e  
c o m p o n e n t s  i n  t h e  t wo  p h a se  r e g i o n  a r e  f i c t i t i o u s  b u t  a r e  
c o n s i d e r e d  t o  be c o n t i n u o u s .  The a c t i v i t i e s  i n  t h e  t w o - p h a s e  
r e g i o n  have  no p h y s i c a l  s i g n i f i c a n c e  b u t  a r e  g e n e r a t e d  o n l y  
by  t h e  p a r t i c u l a r  e m p i r i c a l  e x p r e s s i o n  f o r  g ^  o r  I n Y .
The a c t i v i t i e s  o f  t h e  two  c o m p o n e n t s  o f  a p a r t i a l l y  
m i s c i b l e  b i n a r y  s y s t e m ,  when p l o t t e d  a g a i n s t  m o le  f r a c t i o n ,  
have t h e  f o r m . s h o w n  i n  F i g .  ( 5 - 7 ) .  B o t h  c u r v e s  e x i b i t  a 
max imum and a m i n i m u m.  When an e m p i r i c a l  f i t  i s  u sed  t h e i r  
e x a c t  f o r m  i s  d e c i d e d  by  t h e  a l g e b r a i c  e x p r e s s i o n  used  t o  
r e p r e s e n t  g^  and hence  t h e  a c t i v i t y .
F o r  e q u i l i b r i u m  b e t w e e n  t h e  t w o  l i q u i d  p h a s e s  t h e  
a c t i v i t i e s  m us t  be e q u a l .  R e f e r r i n g  t o  F i g .  ( 5 - 7 ) ,  f o r  
e q u i l i b r i u m  o f  c o m p o n e n t  ( i )  b e t w e e n  t h e  t w o  p h a s e s  o f  
c o m p o s i t i o n s  r e p r e s e n t e d  by  t h e  p o i n t s  C and D, o r  A . a n d  
B, t h e n  a t  = a } .  S i m i l a r l y  f o r  c o m p o n e n t  ( i i ) , a 2 = a i  •
The r e q u i r e m e n t s  o f  t h e s e  t w o  e q u a l i t i e s  a r e  me t  s e p a r a t e l y  
by  t h e  p o i n t s  U and  V w h i c h  l i e  i n  t h e  two phase  r e g i o n ,  b u t  
b o t h  a r e  n o t  n o r m a l l y  s a t i s f i e d  s i m u l t a n e o u s l y .  To a v o i d  t h e s e  
t w o  p o i n t s  b e i n g  f o u n d  r a t h e r  t h a n  A , B , C  and  D, a f e a s i b l e  
r e g i o n  o f  s e a r c h  i s  d e t e r m i n e d .  The m i s c i b i l i t y  gap i n c l u d e s  
t h e  r e g i o n  b e t w e e n  t h e  maxima., ,  o f  c u r v e s  ( i )  and ( i i ) ,  t h e  
v a l u e s  o f  ( 9 a i / 9 x i )  T , p  and  ( 9 a 2/ 9 x 2 ) T , P  c h a n g i n g  i n  s i g n  
a t  t h e s e  p o i n t s .  A t  t h e  two  max ima t h e  d i f f e r e n t i a l s  a r e  e q u a l  
t o  z e r o  w h i c h  i s  t h e  c o n d i t i o n s  f o r  i n c i p i e n t  i n s t a b i l i t y .
Thus  t h e  w o r k i n g  r a n g e s  l i e  b e t w e e n  x j = 0  and t h e  maximum o f  
c u r v e  ( i )  and x i = l  and t h e  maximum o f  c u r v e  C i  i  D and a r e  
l o c a t e d  by  s e a r c h i n g  f o r  t h e  maximum o f  eac h  c u r v e  by  u s i n g  
a s i m p l e  s e a r c h  t e c h n i q u e .  H a v i n g  f o u n d  t h e s e  two w o r k i n g  
r a n g e s  t h e  s e a r c h  f o r  Xi  and x ]  e t c .  i s  c o n f i n e d  o n l y  t o  t h e m .
The v a l u e  o f  x }  a t  p o i n t  B i s  f o u n d  by f i r s t  a s s u m i n g  
a v a l u e  o f  x i ;  a t  p o i n t  A,  and t h e n  u s i n g  an e q u a t i o n  o f  t h e  
f o r m  g i v e n  by e q u a t i o n  ( 5 . 2 - 5 )  t o  c a l c u l a t e  t h e  v a l u e  o f  x i .
The c o n c e n t r a t i o n  o f  t h e  s e c on d  c o m p o n e n t ,  a t  p o i n t  C, i s :
x \  *  1 -  x i  ( 5 . 2 - 7 )
U s i n g  t h i s  v a l u e  o f  x 2 t h e  above  p r o c e d u r e  i s  r e p e a t e d
t o  f i n d  t h e  v a l u e  o f  x 2 a t  p o i n t  D. The v a l u e  o b t a i n e d  s h o u l d  
be g i v e n  by
x 2 = 1 -  x i  ( 5 , 2 - 7 a )
b u t  i f  e q u a t i o n  ( 5 . 2 - 7 a )  i s  n o t  s a t i s f i e d  t h e  v a l u e  o f  Xj
i s  a d j u s t e d  and t h e  p r o c e d u r e  r e p e a t e d .
A d e m i x i n g  c u r v e  f o r  t h e  M E K / w a t e r  s y s t e m ,  o b t a i n e d  
u s i n g  t h e  a b o ve  m e t h o d  and t h e  Orye  e q u a t i o n  as  t h e  e m p i r i c a l  
e x p r e s s i o n  f o r  t h e  a c t i v i t y  c o e f f i c i e n t ,  i s  shown i n - F i g ( 5 - 1 0 )  
I t  i s  t h e  Orye e q u a t i o n  t h a t  p e r f o r m s  b e s t  i n  t h i s  a p p l i c a t i o n ,
e ) Dep e n d e n c e  o f  c o n s t a n t s '  on c o m p o s i t i o n  
The t i e - l i n e s  o b t a i n e d  as  f u n c t i o n s  o f  t e m p e r a t u r e  and 
p r e s s u r e  have  been used  t o  o b t a i n  t h e  d e p e n d e n c e  o f  v a r i o u s  
t wo  p a r a m e t e r  e q u a t i o n s  o v e r  t h e  b o u n d a r i e s  o f  t h e  t w o - p h a s e  
r e g i o n .  I f ,  h o w e v e r ,  t wo  p a r a m e t e r s  a r e  i n a d e q u a t e  t h e n  t h e y  
t h e m s e l v e s  w i l l  be f u n c t i o n s  o f  c o m p o s i t i o n .
E x a m i n a t i o n  o f  v a p o u r - 1 i q u i d  e q u i l i b r i u m  d a t a  a t  a t m o s p h e r i  
p r e s s u r e  y i e l d s  d i f f e r e n t  v a l u e  o f  x ( t o g e t h e r  w i t h  t h e  
a p p r o p r i a t e  c o m p o s i t i o n  i n  t h e  v a p o u r  p h a s e ) ,  a t  an a l m o s t  
c o n s t a n t  t e m p e r a t u r e  o f  a r o u n d  70GC. From such  d a t a  v a l u e s
o f  g ^ / DT c a n  be d e r i v e d  and  t h e n  f i t t e d  by t h e  e q u a t i o n s  u s e d '  r\ I
f o r  t h e  l i q u i d - l i q u i d  e q u i l i b r i u m  d a t a .
The v a p o u r - l i q u i d  e q u i l i b r i u m  d a t a  o f  S i e g l e m a n  & Sorum 
( 7 8 ) ;  O t h m e r  & B e n e n a t i  ( 8 0 ) ;  O t h e r ,  C h u d ga r  & L e v i  ( 8 1 )  
and E l l i s  & G a r b e t t  ( 8 6 )  was used  t o  d e r i v e  v a l u e s  o f  g 7r t  
f o r  w h i c h  t h e  b e s t  f i t s  we re  f o u n d  f o r  t h e  v a r i o u s  e q u a t i o n s .
The p a r a m e t e r s  f o u n d  f o r  t h e s e  d a t a  do n o t  a g r e e  w e l l  w i t h  
t h e  p a r a m e t e r s  f o u n d  f r o m  t h e  l i q u i d - l i q u i d  e q u i l i b r i u m  d a t a  
a t  7 0 GC. T h i s  i s  n o t  s u r p r i s i n g ,  h o w e v e r ,  s i n c e  v a l u e s  o f  
g d e r i v e d  f r o m  t h e  v a p o u r - l i q u i d  e q u i l i b r i u m  d a t a  show 
c o n s i d e r a b l e  s c a t t e r ,  e s p e c i a l l y  a t  l o w  c o n c e n t r a t i o n s  o f  
MEK wh er e  some o f  t h e  v a l u e s  a r e  n e g a t i v e .
5 . 2 . 2 .  D e t e r m i n a t i o n  o f  c o n s t a n t s  a t  h i g h  p r e s s u r e  
The e q u i l i b r i u m  d a t a  d e t e r m i n e d  a t  h i g h  p r e s s u r e  and 
v a r i o u s  t e m p e r a t u r e s ,  p l o t t e d  i n  F i g .  ( 5 - 8 ) ,  w e r e  u s e d  i n  
e x a c t l y  t h e  same m a nn e r  as t h e  a t m o s p h e r i c  p r e s s u r e  d a t a  i n  
o r d e r  t o  d e t e r m i n e  t h e  v a l u e s  o f  t h e  e m p i r i c a l  c o n s t a n t s  a t  
v a r i o u s  p r e s s u r e s  b u t  a t  c o n s t a n t  t e m p e r a t u r e .  The v a l u e s  o f  
t h e  c o n s t a n t s  o f  t h e  v an  L a a r ,  NRTL (a f i x e d  a t  0 . 3 ) ' H e i l  and 
Orye  e q u a t i o n s  a t  d i f f e r e n t  p r e s s u r e s  and i n  t h e  t e m p e r a t u r e  
r a n g e  25 -  100°C a r e  shown i n  T a b l e  ( 5 - 7 ) .
Of  t h e  f o u r  e q u a t i o n s  t h e  Ory e  e q u a t i o n  i s  o f  t h e  m o s t  
i n t e r e s t .  The v a r i a t i o n  o f  t h e  Orye c o n s t a n t s  w i t h  p r e s s u r e  
a t  v a r i o u s  t e m p e r a t u r e s  i s  shown p l o t t e d  i n  F i g .  (5 -  9)  f r o m  
w h i c h  i t  can  be seen t h a t  t h e s e  s e t s  o f  p o i n t s  a t  t h e  v a r i o u s  
t e m p e r a t u r e s  l i e  on a s e r i e s  o f  c u r v e s .  These  c u r v e s  a r e  w e l l  
r e p r e s e n t e d  by a q u a d r a t i c  f u n c t i o n  i n  p r e s s u r e .  The c o e f f i c i e n t s  
o f  t h e  e q u a t i o n  f o u n d  f o r  eac h  o f  t h e s e  c u r v e s  a r e  shown i n  
T a b l e  ( 5 - 8 )  .and t h e  c u r v e s  a r e  d r awn  on F i g .  ( 5 - 9 ) .  I t  may 
w e l l  be p o s s i b l e  t o  r e l a t e  t h e s e  p r e s s u r e  c o e f f i c i e n t s  t o
t e m p e r a t u r e ,  p e r h a p s  by  means o f  p o l y n o m i a l s  i n  t e m p e r a t u r e ,  
and t h e r e - b y  o b t a i n  an e x p r e s s i o n  f o r  t h e  s i m u l t a n e o u s  
v a r i a t i o n  o f  t h e  Orye c o n s t a n t s  w i t h  t e m p e r a t u r e  and p r e s s u r e .  
Such a l i n e  o f  a p p r o a c h  has  n o t  been f u r t h e r  p u r s u e d  i n  
t h i s  w o r k  s i n c e  i t  i s  f e l t  t h a t  t h e  f i n a l  r e s u l t s  w o u l d  be 
somewhat  t e n u o u s .
• 5 . 3 .  C o m p r e s s i b i l i t y  M e a s u r e m e n t s
5 . 3 . 1 .  E x p r e s s i o n  o f  C o m p r e s s i b i l i t y
The c o m p r e s s i b i l i t i e s  o b t a i n e d  i n  t h i s  w o r k  we re  e x p r e s s e d  
as  V / V o ,  whe re  V i s  t h e  v o l u m e  o f  t h e  l i q u i d ,  a t  a g i v e n  
p r e s s u r e  and  f i x e d  t e m p e r a t u r e ,  and Vo i s  t h e  v o l u m e  o f  t h e  
l i q u i d  a t  a t m o s p h e r i c  p r e s s u r e  and t h e  same t e m p e r a t u r e .  T h i s  
f o r m  o f  e x p r e s s i o n  was p r e f e r r e d  t o  t h a t  o f  B r i d g m a n ,  who made 
Vo e q u a l  t o  t h e  v o l u m e  a t  one  a t m o s p h e r e  and 0 QC, s i n c e  a t  
a t m o s p h e r i c  p r e s s u r e  ( e f f e c t i v e l y  0 p s i )  t h e  c u r v e s  o f  V / Vo  
v s .  P p a s s  t h r o u g h  t h e  p o i r i t  ( 1 , 0 )  w h i c h  b r i n g s  c l a r i t y  t o  
t h e  i n i t i a l  a p p e a r a n c e  o f  t h e  r e s u l t s  and a l s o  s i m p l i f i e s  t h e  
s u b s e q u e n t  c u r v e  f i t t i n g  and c a l c u l a t i o n  o f  v ^  f r o m  t h e m .
V a l u e s  o f  V / Vo  a r e  shown i n  T a b l e s  ( 5 - 9 )  t o  ( 5 - 1 1 )  p l o t t e d  
i n  F i g s .  ( 5 - 1 1 )  t o  ( 5 - 1 3 )  .
5 . 3 . 2 .  E x p r e s s i o n  o f  t h e  c o m p r e s s i b i l i t i e s  i n  t e r m s  o f  P r e s s u r e  
Each o f  t h e  e i g h t  c u r v e s  o b t a i n e d  f o r  e a c h  t e m p e r a t u r e  
was f i t t e d  t o  p o l y n o m i a l s  i n  p r e s s u r e ,  o b t a i n e d ,  o n c e  a g a i n ,  
u s i n g  a l e a s t  s q u a r e s  m e t h o d .  The f i t  was o f  t h e  f o r m :
V / y Q = a i  + a 2 P + a 3P 2 + ai t P 3 ( 5 . 3 - 1 )
where  a i , a 2 . a 3and ai, a r e  c o e f f i c i e n t s
F i t s  we re  f o u n d  f o r  b o t h  s ec on d  and t h i r d  o r d e r  f o r m s  
o f  e q u a t i o n  ( 5 . 3 - 1 ) .  V a r i a n c e s  were  c a l c u l a t e d  f o r  e a c h  o f  
t h e  c u r v e s ,  and t h e  a v e r a g e  o f  t h e  t w e n t y  f o u r  v a r i a n c e s  
t a k e n .  The s e c on d  o r d e r  f i t  was f o u n d  t o  g i v e  an  a v e r a g e
_ Q
v a r i a n c e  o f  3 . 1  x 10 , w h i l e  t h e  t h i r d  o r d e r  c u r v e  had an
•"0
a v e r a g e  v a r i a n c e  o f  1 . 3  x 10
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FIGURE (5-11) V/Vg vs pressure.for. MEK/water PxlO^fnsi.)
mixtures at 3Q°C
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FIGURE (5-12) V/V0 v s  pressure for MEK/water - ,^ -3 f ^
mixtures at 50°C Pxl° ^ sl-3
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FIGURE (5-13) V/V0 v s  pressure for MEK/water PxlO"3 (psi.)
mixtures at 70°C . .
aThe t h i r d  o r d e r  f o r m  o f  e q u a t i o n  ( 5 . 3 - 1 )  was c h o s e n  
t o  r e p r e s e n t  t h e  v s . P c u r v e s .  A l t h o u g h  mo re  c o m p l i c a t e d
t h a n  t h e  s e c o n d  o r d e r  f o r m ,  i t  c o u l d  p r e d i c t  l i q u i d  
c o m p r e s s i b i l i t i e s  more  a c c u r a t e l y ,  and t h i s  was c o n s i d e r e d  
a g r e a t  a d v a n t a g e  s i n c e  t h e  c a l c u l a t i o n  o f  v E e s s e n t i a l l y  
i n v o l v e s  f i n d i n g  t h e  d i f f e r e n c e  b e t w e e n  t w o  s i m i l a r  numbe rs  
w h i c h  may d i f f e r  v e r y  s l i g h t l y .  The g r e a t e r  c o m p l e x i t y
o f  t h i s  e q u a t i o n  was no d i s a d v a n t a g e  s i n c e  t h e  c a l c u l a t i o n  o f  
v E was t o  be done by  means o f  an e l e c t r o n i c  c o m p u t e r .
The c o e f f i c i e n t s  f o r  e q u a t i o n  ( 5 . 3 - 1 )  w h i c h  we re  f o u n d  
by  t h e  f i t t i n g  p r o c e d u r e  f o r  ea ch  c o m p r e s s i b i l i t y  c u r v e  a r e  
shown i n  T a b l e  ( 5 - 1 2 ) .
5 . 3 . 3 .  The d e t e r m i n a t i o n  o f  t h e  C o e f f i c i e n t  o f  I s o t h e r m a l  
C o m p r e s s i b i l i t y
The c o e f f i c i e n t  o f  i s o t h e r m a l  c o m p r e s s i b i l i t y  d e f i n e d  as
e v - Vo • I f  ( 5 - 3 - 2 )
a t  c o n s t a n t  t e m p e r a t u r e .
• I t  i s  t h i s  q u a l i t y  w h i c h  shows w e l l  t h e  d e c r e a s e  i n  t h e
c o m p r e s s i b i l i t y  o f  w a t e r  on  t h e  a d d i t i o n  o f  s m a l l  q u a n t i t i e s
o f  an o r g a n i c  s e co n d  c o m p o n e n t .  I t  i s  e a s i l y  f o u n d  f o r  e a c h
t e m p e r a t u r e  and c o m p o s i t i o n  i n  t h e  r a n g e  s t u d i e d ,  and a l s o
a n y  p r e s s u r e  o v e r  w h i c h  t h e  p o l y n o m i a l s  a p p l y .  Each
c o m p r e s s i b i l i t y  i s  r e p r e s e n t e d  by  an e q u a t i o n  o f  t h e  f o r m :
V / Vo = a ,  + a 2 P + a 3 P 2 + a .  P 3 ( 5 . 3 - 1 )
%
D i f f e r e n t a t i o n  o f  e q u a t i o n  ( 5 . 3 - 1 )  w i t h  r e s p e c t  t o  P 
y i e l d s  3 >in t e r m s  o f  p r e s s u r e  s i n c e :
3 ( V/ VJ = I  iV.  = - B= a 2 + 2a 3P + 3a i , P2 ( 5 . 3 - 3 )
ap Vo ‘ ap
The resu l t s  o f  t h i s  ope ra t i on  are p l o t t e d  i n  F i gs .  (5-14)  t o
(5-16)  and t abu l a t ed  i n  Table (5-13) .
From these graphs can be seen the decrease i n  c c m p r e s s i b i l i t y  .
o f  wa te r  on smal l  a d d i t i o n s  o f  t he  o rgan i c  component and a l so
t he  much l a r g e r  decrease i n  the c o m p r e s s i b i l i t y  o f  MEK on smal l
a d d i t i o n s  o f  water .  *
E5 . 3 . 4 .  C a l c u l a t i o n  o f  v a t  h igh pressure.
The c a l c u l a t i o n  o f  v E a t  e l evated pressures i s  by a s i m i l a r
means t o  t h a t  used t o  c a l c u l a t e  v E a t  atmospher ic pressure,  except
t h a t  t he  c o m p r e s s i b i l i t i e s  o f  both t he  pure components and the
m i x t u re  must be considered.
The d e f i n i t i o n  o f  the excess volume change o f  mix ing  i s :
v E = V a c t u a l  -  V i d e a l  ' ( 5 . 3 -4 )
At  atmospher ic pressure the va lues o f  V a c t u a l  and V i d e a l
may be c a l c u l a t ed  f rom equat i ons (5 .1 -1 )  and ( 5 . 1 - 3 ) .  At  e l eva ted
pressure V ac tua l  and V i d e a l  are c a l c u l a t e d  by m u l t i p l y i n g
equat i ons (5.1-1)  and (5 .1 -3)  by t he  cor responding c c m p r e s s i b i l i t y .
These equat i ons  t h e r e fo r e  become ( w r i t i n g  V f o r  V a c t u a l  and
a
\A f o r  V i d e a l ) ;
V P = 7 2 . 1 2 X J  ♦ I B . 0 2 (  1-x i )  (V/w ) ( 5 .3 - 5 )
P . m i x
m i x
and V . P = x i  72.12 (M, , + ( 1 - x i  ) 18.02 '}m  , ,
1 p Vo-L,  p 1 / Vo] (5 .3 -6 )
MEK MEK H2 0 H2 □
where t he  s up e rs c r i p t  i n d i c a t e s  e levated pressure,  and the s u b s c r i p t s  
mix,  MEK and H^O r e f e r  t o  the mi x tu re ,  MEK and water .
Is
ot
he
rm
al
 
C
om
pr
es
si
b
il
ty
1 0
toi
oT*
X
T—
CL
1 a tm
1 0 0 0 0  ps i
20 000  Psi
3 0 0 0 0  Psi
2 C 600 40 80 100
Weight % MEK
FIGURE ( 5 - 1 4 )  The c o e f f i c i e n t  o f  i s o t h e r m a l  
c o m p r e s s i b i l i t y  f o r  M E K / w a t e r  
m i x t u r e s  a t  3CPC
Is
ot
he
rm
al
 
C
om
pr
es
si
bi
lit
y 
( P 
"1 
x 
10
(0I
1 a t m
1 0 0 0 0  psi
2 00 00  psi
3 0 0 0 0  psi
60400 1 0020
Weight % MEK
FIGURE ( 5 - 1 5 )  . The c o e f f i c i e n t  o f  i s o t h e r m a l  
c o m p r e s s i b i l i t y  f o r  M E K / w a t e r  
m i x t u r e s  a t  50°C
Is
o
th
er
m
al
 
C
om
pr
es
si
bi
li
ty
 
<P
"
10
atm
<o,<oT*
X
10000 psi
20 0 00 psi
3 000 0  psj
0 20 6040 1 0080
Weight  % MEK
FIGURE (5-16) The coefficient of isothermal
compressibility for MEK/water
mixtures at 70°C
F o r  e ac h  o f  t h e  m i x t u r e s  s t u d i e d  and a t  each  o f  t h e  
t h r e e  t e m p e r a t u r e s ,  v ^  was c a l c u l a t e d  f r o m  e q u a t i o n  ( 5 . 3 - 7 )  
a t  i n t e r v a l s  o f  5000  p.s,i. up t o  250 00  p,sj . . The r e s u l t s  we re  
p l o t t e d  i n  F i g s .  (5 - 1 7 ) t o ( 5 -19  ) and t a b u l a t e d  i n  T a b l e s  
( 5 - 1 4 ) ,  ( 5 - 1 5 )  and ( 5 - 1 6 ) .
5 . 3 . 5 .  C o r r e c t i o n  o f  t h e  C o m p r e s s i b i l i t y  r e s u l t s  f o r  t h e  
i n h e r e n t  i n a c c u r a c y  i n  t h e  m e t h od
As shown i n  F i g .  ( 4 - 5 )  . t h e  m e t h od  e m p l o y e d  i n  t h i s  
w o r k  gav e  v a l u e s  f o r  t h e  c o m p r e s s i b i l i t y  o f  w a t e r  + 0 . 0 0 3  
i n  e x c e s s  o f  t h e  v a l u e s  o b t a i n e d  f o r  w a t e r  by B r i d g m a n .  To 
c o m p e n s a t e  f o r  t h i s  e r r o r ,  0 . 0 0 3  m u s t  be s u b t r a c t e d  f r o m  t h e  
v a l u e s  o f  c o m p r e s s i b i l i t y  f o u n d  a t  a l l  p r e s s u r e s  w i t h i n  t h e  
r a n g e  i n v e s t i g a t e d .
When d e t e r m i n i n g  t h e  i s o t h e r m a l  c o e f f i c i e n t  o f  
c o m p r e s s i b i l i t y  ( $ ) ,  t h e  f i r s t  d i f f e r e n t i a l  o f  w i t h
r e s p e c t  t o  p r e s s u r e  i s  b e i n g  d e t e r m i n e d  i . e .  t h e  s l o p e  o f  
t h e  c o m p r e s s i b i l i t y  c u r v e  a t  v a r i o u s  p r e s s u r e s .  The p r e s s u r e  
p o l y n o m i a l s  o n l y  d e v i a t e  a p p r e c i a b l y  f r o m  t h e  e x p e r i m e n t a l l y  
d e t e r m i n e d  v a l u e s  i n  t h e  p r e s s u r e  r a n g e  0 - 5 0 0 0  p.sj. , s i n c e  
t h e  c u r v e  f i t s  have  been f o r c e d  t h r o u g h  t h e  p o i n t  ( 0 , 1 )  
i n s t e a d  o f  ( 0 , 1 . 0 0 3 ) .  The s l o p e s  o f  t h e  c u r v e s  a t  p r e s s u r e s  
above  5000 p.s i^, w i l l  be l i t t l e  a f f e c t e d  by t h e  i n i t i a l  
i n a c c u r a c y .
S u b s e q u e n t  e x a m i n a t i o n  o f  t h e  d a t a  i n d i c a t e d  t h a t  t h e  
e r r o r  a r o s e  be ca u se  t h e  o n l y  e x p e r i m e n t a l  m e a s u r e m e n t s  o f  
t h e  movement  o f  t h e  p i s t o n ,  w h i c h  were  used  i n  t h e  
c a l c u l a t i o n s  o f  t h e  c o m p r e s s i b i l i t i e s ,  we re  t h o s e  o b t a i n e d  
w h i l s t  t h e  p r e s s u r e  was b e i n g  i n c r e a s e d .  I f  t h e  r e s u l t s  
o b t a i n e d  f i r s t l y  w h i l e  i n c r e a s i n g  t h e  p r e s s u r e  and s e c o n d l y
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FIGURE ( 5 - 2 0 )  Vo lume c h a n g e s  on m i x i n g  ‘o f  M E K / w a t e r  
m i x t u r e s  a t l a t m
w h i l e  d e c r e a s i n g  t h e  p r e s s u r e  had been a v e r a g e d ,  t h i s  e r r o r  
w o u l d  have  been l a r g e l y  e l i m i n a t e d .
I t  c an  be i m a g i n e d  t h a t  a s  t h e  p r e s s u r e  was i n c r e a s e d  
t h e  t r a n s d u c e r  w i p e r  l a g g e d  b e h i n d  t h e  movement  o f  t h e  
p i s t o n ,  i . e .  f o r  a s m a l l  i n i t i a l  i n c r e a s e  i n  p r e s s u r e  no 
movement  was r e g i s t e r e d  by  t h e  n u l l  d e t e c t o r .  T hu s  a l l  
t h e  s u b s e q u e n t  p i s t o n  m o v em e n t s  m e a s u r e d  were  l e s s  t h a n  
t h e  t r u e  v a l u e  and  t h e  V / ^ Q v s . P  c u r v e  was d i s p l a c e d  u p w a r d s .  
T h i s  r e s u l t e d  i n  t h e  c u r v e  p a s s i n g  a b o v e  t h e  p o i n t  ( 0 , 1 )  
when e x t r a p o l a t e d '  b a c k  t o  z e r o .  On r e d u c i n g  t h e  p r e s s u r e  
t h e  w i p e r  was a g a i n  i m a g i n e d  t o  l a g  b e h i n d  t h e  p i s t o n  
and t h e  c a l c u l a t e d  c o m p r e s s i o n  r e s u l t s  w e r e  d i s p l a c e d  
d o w nw a rd s  r e s u l t i n g  i n  t h e  v s . P  c u r v e  c r o s s i n g  t h e
o r d i n a t e  b e l o w  t h e  p o i n t  ( 0 , 1 ) .  A v e r a g i n g  t h e s e  t wo  s e t s  
o f  r e s u l t s  w o u l d  have c o n s i d e r a b l y  r e d u c e d  t h e  e r r o r  
i  n c u r r e d .
b . 3 . 6 .  I he use o f  v o l u m e t r i c  m e a s u r e m e n t s  t o  snow pnaae
s e p a r a t  i  on
U s i n g  t h e  v a p o u r - l i q u i d  e q u i l i b r i u m  d a t a  o f  o t h e r  
w o r k e r s  ( 7 8 ) ,  ( 8 0 ) ,  ( 8 1 ) ,  ( 8 6 ) ,  t h e  f r e e  e n e r g y  o f  m i x i n g
a t  a t m o s p h e r i c  p r e s s u r e  may be f o u n d  f r o m  t h e  e q u a t i o n
o
g . = £ x .  I n  x .  Y-
fam i x  i  1 i i
To f i n d  t h e  f r e e  e n e r g y  o f  m i x i n g  a t  e l e v a t e d  p r e s s u r e  
a c c o u n t  mus t  be t a k e n  o f  t h e  c h an g e  i n  t h e  f r e e  e n e r g y  
o f  m i x i n g  i n  r a i s i n g  t h e  p r e s s u r e  f r o m  a t m o s p h e r i c  p r e s s u r e  
t o  some p r e s s u r e  P. S i n c e :
a t m o s p h e r i c  p r e s s u r e  and p r e s s u r e  P ( f r o m  5000  t o  2 5 0 00  p . s . i .  
f o r  e a c h  o f  t h e  e x p e r i m e n t a l l y  used c o m p o s i t i o n s .  Thus  
t h e  a d d i t i o n  o f  t h e  t w o  f r e e  e n e r g y  o f  m i x i n g  t e r m s  y i e l d s  
t h e  f r e e  e n e r g y  o f  m i x i n g  a t  t h e  c o m p o s i t i o n  and  p r e s s u r e  
u n d e r  c o n s i d e r a t i o n .
The r e s u l t i n g  v a l u e s  a r e  a l l  n e g a t i v e  and e i t h e r  
e x h i b i t , ,  o r  i n f e r  t h e  e x i s t a n c e  o f ,  t wo  m i n i m a  and one 
maximum i n  t h e  r a n g e  x = 0 t o  1 f o r  e ac h  p r e s s u r e  c o n s i d e r e d .  
The t u r n i n g  p o i n t s  o f  e a c h  o f  t h e  m i n i m a  i n d i c a t e  t h e  
c o m p o s i t i o n  o f  e a c h  end o f  e a c h  t i e - l i n e .  The v a l u e s  o b t a i n e d  
by t h i s  m e t h od  c ompar e  v e r y  b a d l y  w i t h  t h e  e x p e r i m e n t a l l y  
o b t a i n e d  v a l u e s  a t  t h i s  t e m p e r a t u r e .
T h e n ,  a t  c o n s t a n t  t e m p e r a t u r e  and c o m p o s i t i o n :
m i x
C o n s i d e r i n g  t h e  v o l u m e t r i c  d a t a  o b t a i n e d  a t  7 0 DC v a l u e s  o f  
gmiX were  o b t a i n e d  by t h e  g r a p h i c a l  i n t e g r a t i o n  o f  v b e t w e e n
fr
By a v e r y  s i m i l a r  m e t h o d  g / R T  has  been  d e d u c e d  a t  
70°C and a t  t h e  p r e s s u r e s  and c o m p o s i t i o n s  u n d e r  c o n s i d e r a t i o n .  
The e x c e s s  f r e e  e n e r g y  a t  one  a t m o s p h e r e  was c a l c u l a t e d  f r o m  
t h e  v a p o u r - l i q u i d  e q u i l i b r i u m  d a t a  by u s i n g :
E 0 g = Z x i  I n  Y i
i
A c c o u n t  o f  t h e  e x c e s s  f r e e  e n e r g y  c h a n g e ,  due  t o  t h e  c h a n g e s  
i n  p r e s s u r e ,  was a g a i n  t a k e n  by i n t e g r a t i n g  t h e  e x c e s s  
v o l u m e  c h a n g e  o f  m i x i n g  as  a p p r o p r i a t e .  To t h e  r e s u l t i n g  
g ^ / R T  v s .  P c u r v e s ,  a t  v a r i o u s  p r e s s u r e s ,  t h e  R e d l i c h - K i s t e r  
e q u a t i o n  was f i t t e d .  I t  was f o u n d  t h a t  t o  f i t  t h e  v a p o u r -  
l i q u i d  e q u i l i b r i u m  d a t a ,  4 p a r a m e t e r s  we re  r e q u i r e d .  The 
v a l u e s  o b t a i n e d  f o r  t h e  t i e - l i n e  e n d s ,  d e r i v e d  f r o m  t h e  
R e d l i c h - K i s t e r  e q u a t i o n ,  were  i n  v e r y  p o o r  a g r e e m e n t  w i t h  
t h e  e x p e r i m e n t a l l y  o b t a i n e d  v a l u e s .  The a p p a r e n t  f a i l u r e  
o f  t h e  R e d l i c h - K i s t e r  e q u a t i o n  i s  n o t  s u r p r i s i n g  s i n c e  i n  
o r d e r  t o  r e a c h  t h e s e  r e s u l t s  i t  has  been n e c e s s a r y  t o  
d i f f e r e n t i a t e  t w i c e  some r a t h e r  s u s p e c t  f r e e  e n e r g y  d a t a  .
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6.1. Equilibrium Data
6 . 1 . 1 .  A t m o s p h e r i c  P r e s s u r e  R e s u l t s
a )  C o m p a r i s o n  w i t h  o t h e r  d a t a
L i q u i d - l i q u i d  m u t u a l  s o l u b i l i t i e s  we re  m e a s u r e d  i n  t h e  
t e m p e r a t u r e  r a n g e  2 5 - 1 0 0 ° C  by t h e  m e t h o d  d e s c r i b e d  i n  
S e c t .  4 . 2 . 2 .  The r e s u l t s  we re  f o u n d  t o  a g r e e  c l o s e l y  w i t h  
t h e  d a t a  o f  C a m p b e l l ,  K a r t z m a r k  and F a l c o n e r  ( 2 8 1  and 
a l s o  w i t h  t h e  l e s s  e x t e n s i v e  d a t a  o f  G i n n i n g s ,  P l o n k  and. 
C a r t e r  ( 2 1 )  as  shown i n  F i g .  ( 5 - 2 ) .  These d a t a ,  t o g e t h e r  
w i t h  t h e  d a t a  o f  S i e g l e m a n  and Sorum ( 2 9 )  and R a n d a l l  and 
McKenna ( 23 )  were  used  t o  f i n d  t h e  c o n s t a n t s  i n  t h e  van 
L a a r ,  NRTL,  H e i l  and O ry e  e q u a t i o n s  a t  c o n s t a n t  t e m p e r a t u r e .  
S i n c e  eac h  o f  t h e  e q u a t i o n s  have o n l y  t w o  c o n s t a n t s ,  e a c h  
t i e - l i n e  g i v e s  an e s t i m a t e  o f i t h e  v a l u e s  o f  t h e  c o n s t a n t s ,  
s u b j e c t ,  o f  c o u r s e ,  t o  t h e  e x p e r i m e n t a l  e r r o r s ,
b ) B a c k - c a l c u l a t i o n  o f  t h e  e x p e r i m e n t a l l y  o b t a i n e d  
d a t a
A l l  t h e  v a l u e s  o f  each  c o n s t a n t  were  f i t t e d  by  a t h i r d  
o r d e r  p o l y n o m i a l  i n  t e m p e r a t u r e  ( S e c t . 5 . 2 . 1 . c ) and t h i s  
p o l y n o m i a l  was t h e n  used  t o  c a l c u l a t e  t h e  d e m i x i n g  c u r v e  f o r  
t h e  MEK/H2 O s y s t e m ,  as  d e s c r i b e d  i n  S e c t .  5 . 2 . 1 . d .  I n  F i g *  
( 5 - 1 0 )  t h e  d e m i x i n g  c u r v e  a t  1 a t m o s p h e r e  as  p r e d i c t e d  by  
t h e  Orye  e q u a t i o n  i s  shown.  W h i l s t  t h e  van  L a a r ,  NRTL and 
H e i l  e q u a t i o n s  p r e d i c t  t h e  a l m o s t  v e r t i c a l  p o r t i o n s  o f  t h e  
c u r v e ,  t h e y  f a i l  t o  p r e d i c t  t h e  u p p e r  o r  l o w e r  c o n s o l u t e  
p o i n t s .  H o w ev e r ,  F i g .  ( 5 - 1 0 )  shows t h a t  t h e  Orye e q u a t i o n  
p r e d i c t s  t h e  ' e x p e r i m e n t s l l y  o b t a i n e d  d e - m i x i n g  f o r  t h i s  
s y s t e m  v e r y  w e l l .
S i n c e  t h e r e  i s  no r e a s o n  i n  p r i n c i p l e  why t h e  Orye 
e q u a t i o n  s h o u l d  p e r f o r m  a n y  b e t t e r  i n  t h i s  a p p l i c a t i o n  t h a n  
t h e  o t h e r  e q u a t i o n s  c o n s i d e r e d ,  a p o s s i b l e  e x p l a n a t i o n  i s  
t h a t  t h e  t e m p e r a t u r e  d e p e n d e n c e  o f  t h e  Orye c o n s t a n t s  i s  
s i m p l e r  t h a n  t h o s e  o f  t h e  o t h e r  e q u a t i o n s .
6 . 1 . 2 .  R e s u l t s  o b t a i n e d  a t  h i g h  p r e s s u r e
a ) C o m p a r i s o n  w i t h  p r e v i o u s  r e s u l t s  
The o n l y  a v a i l a b l e  d a t a  f o r  t h i s  s y s t e m , f o r  t h e  
p u r p o s e  o f  c o m p a r i s o n  w i t h  t h e  r e s u l t s  o b t a i n e d  a t  h i g h  
p r e s s u r e  f r o m  t h i s  w o r k , a r e  t h o s e  o f  T immermans  ( 5 ) .
I t  was he who f o u n d  t h e  UCST and LCST f o r  MEK/h^O 
m i x t u r e s  a t  f i x e d  p r e s s u r e s  and c o m p o s i t i o n s  u s i n g  a v i s u a l  
m e t h o d .  H i s  r e s u l t s  a r e  s u m m a r i s e d  w i t h  t h e  o t h e r  a v a i l a b l e  
e q u i l i b r i u m  d a t a  f o r  t h i s  s y s t e m  i n  F i g .  ( 1 - 1 ) .
The d e m i x i n g  l o o p s  o f  p r e s s u r e  v s .  m o l e  f r a c t i o n  (P v s .  x )  
a t  c o n s t a n t  t e m p e r a t u r e  o b t a i n e d  by t h e  m e t h o d  d e s c r i b e d  i n  
S e c t i o n  4 . 3 . 3 .  a r e  shown i n  F i g .  ( 5 - 8 ) .  The u p p e r  c r i t i c a l  
s o l u t i o n  p r e s s u r e  o b t a i n e d  a t  e a c h  t e m p e r a t u r e  by i n t e r p o l a t i o n  
i s  p l o t t e d  a g a i n s t  t e m p e r a t u r e  i n  F i g  ( 5 - 8 T )  t o g e t h e r  w i t h  
t h e  d a t a  o b t a i n e d  by T i mmermans  ( 5 ) .  I t  can  be seen  f r o m  
t h i s  g r a p h  t h a t  t h i s  w o r k  p r e d i c t s  a h i g h e r  max imum c r i t i c a l  
s o l u t i o n  p r e s s u r e  and s u g g e s t s  a n a r r o w e r  r a n g e  o f  d e m i x i n g  
t e m p e r a t u r e s  a t  a t m o s p h e r i c  p r e s s u r e  ( e f f e c t i v e l y  0 p ^ y a j 
h o w e v e r ,  t h e  d a t a  a r e  t o o  s p a r s e  t o  g i v e  much w e i g h t  t o  t h e  
l a t t e r  o b s e r v a t i o n .
S t e i n e r  and  Schadow ( 9 9 )  used  v i s u a l  and  a d i e l e c t r i c  
c o n s t a n t  m e t h o d  t o  s t u d y  t h e  h i g h  p r e s s u r e  e q u i l i b r i u m  
b e h a v i o u r  o f  t h e  MEK/h^O s y s t e m  a t  3 0 ° C .  The max imum 
c r i t i c a l  s o l u t i o n  p r e s s u r e  o b t a i n e d  by t h e  s a m p l i n g  
t e c h n i q u e  was h i g h e r  t h a n  t h a t  o b t a i n e d  by  t h e  v i s u a l  
m e t h o d .  T h e r e f o r e ,  max imum c r i t i c a l  s o l u t i o n  p r e s s u r e s  
o b t a i n e d  i n  t h i s  w o r k ,  w h i c h  a r e  h i g h e r  t h a r i  t h o s e  o b t a i n e d  
by  T i m m e r m a n n s , may p o s s i b l y  be a t t r i b u t e d  t o  t h e  d i f f e r e n t  
t e c h n i q u e  e m p l o y e d .
b ) D e m i x i n g  l o o p s
The u p p e r  c r i t i c a l  s o l u t i o n  c o m p o s i t i o n  a p p e a r s  t o  
r e m a i n  c o n s t a n t  w i t h  t e m p e r a t u r e  as  f o u n d  by T i m m e r m a n n s ,  
h o w e v e r ,  a t  a l l  t h e  t e m p e r a t u r e s  c h o s e n ,  w i t h  t h e  p o s s i b l e  
e x c e p t i o n  o f  6 9 . 5 ° C ,  t h e  d e m i x i n g  l o o p  becomes w i d e r  b e f o r e  
n a r r o w i n g .  The u p p e r  c r i t i c a l  s o l u t i o n  p r e s s u r e  i n c r e a s e s  
i n  t h e  t e m p e r a t u r e  r a n g e  2 5 - 6 9 . 5°C b u t  a t  100°C i t  has 
r e d u c e d .
R e f e r r i n g  t o  F i g .  ( 5 - 8 f )  : t h e  c r i t i c a l  s o l u t i o n  
p r e s s u r e s  a r e  p l o t t e d  a g a i n s t  t h e  t e m p e r a t u r e  a t  w h i c h  t h e y  
o c c u r r e d  ( s o l i d  l i n e ) ,  t h e s e  d a t a  b e i n g  o b t a i n e d  f r o m  t h e  
p r e c e d i n g  F i g s .  ( 5 - B a )  t o ( 5 - 8 e ) ,  and t h e  d a s h e d  l i n e  
r e p r e s e n t s  T i m m e r m a n n s ’ d a t a .  The maximum p r e s s u r e  o c c u r s  
a t  7 5 ° C ,  c om p a r e d  w i t h  80°C f o u n d  by T i m m er ma n ns ,  and t h e  
maximum p r e s s u r e  f o u n d  i n  t h i s  w o r k  i s  18000  ppX* c om p a r e d  
w i t h  16000  p ^ i,  f o u n d  by T i mmer mans .  A t  75°C t h e  d e m i x i n g  l o o p  
i s  a t  i t s  w i d e s t  a t  a t m o s p h e r i c  p r e s s u r e .
W i t h  i n c r e a s i n g  p r e s s u r e  t h e  d e m i x i n g  l o o p s  do n o t  
e x p a n d  u n i f o r m l y ,  o r ' ,  more  p r e c i s e l y ,  t h e  t w o  l i q u i d  l a y e r s
do n o t  become e i t h e r  r i c h e r  o r  l e a n e r  i n  MEK, b u t  r a t h e r  
t h e  c o m p o s i t i o n  o f  one p h a s e  a l t e r s  w h i l e  t h e  c o m p o s i t i o n  o f  
t h e  o t h e r  phase  s t a y s  s u b s t a n t i a l l y  t h e  same.  T h i s  i s  b e s t  
i l l u s t r a t e d  a t  25 and  1 0 0 ° C .  H o w e v e r ,  a t  t h e  u p p e r  c r i t i c a l  
s o l u t i o n  p r e s s u r e  b o t h  l i q u i d  c o m p o s i t i o n s  o f  each  l a y e r  
a p p r o a c h  t h e  c r i t i c a l  c o m p o s i t i o n  r a p i d l y .
c ) D e r i v e d  E m p i r i c a l  C o n s t a n t s
From t h e  e x p e r i m e n t a l l y  o b t a i n e d  h i g h  p r e s s u r e  - d a t a ,  
c o n s t a n t s  f o r  t h e  van L a a r ,  NRTL, H e i l  and  Orye e q u a t i o n s  
we re  o b t a i n e d  a t  t h e  t e m p e r a t u r e s  and p r e s s u r e s  m e a s u r e d .
The v a l u e s  o b t a i n e d  a r e  shown i n  T a b l e  ( 5 - 7 ) .  Of t h e  m o s t  
i n t e r e s t  a r e  t h e  v a l u e s  o b t a i n e d  f o r  t h e  Orye  e q u a t i o n  
w h i c h  a r e  p l o t t e d  i n  F i g  ( 5 - 9 ) .  I t  can be seen  t h a t  when t h e  
v a l u e s  o b t a i n e d  a r e  p l o t t e d  a g a i n s t  p r e s s u r e  a t  c o n s t a n t  
t e m p e r a t u r e ,  w ha t  a p p e a r s  t o  be a f a m i l y  o f  c u r v e s  i s  f o r m e d  
f o r  b o t h  c o n s t a n t s .  A l s o ,  a t  t h e  t o p  o f  t h e  t e m p e r a t u r e  r a n g e  
c o n s i d e r e d  t h e  v a r i a t i o n  o f  t h e s e  c o n s t a n t s  w i t h  p r e s s u r e  i s  
s m a l l .  B e a r i n g  i n  m i n d  t h e  s u c c e s s  a c h i e v e d  i n  u s i n g  t h e  
Orye e q u a t i o n  t o  b a c k - c a l c u l a t e  t h e  e x p e r i m e n t a l l y  o b t a i n e d  
l i q u i d - l i q u i d  e q u i l i b r i u m  d a t a  a t  a t m o s p h e r i c  p r e s s u r e  ( w h i c h  
was due c o n s i d e r a b l y  t o  t h e  c o n s t a n t s  o n l y  b e i n g  weak f u n c t i o n s  
o f  t e m p e r a t u r e )  i t  may w e l l  be p o s s i b l e  t o  b a c k - c a l e u  l a t e  t h e  
e q u i l i b r i u m  d a t a  o b t a i n e d - a t  h i g h  p r e s s u r e ,  p a r t i c u l a r l y  
i n  t h e  u p p e r  r a n g e  o f  t e m p e r a t u r e s  c o n s i d e r e d .  H o w e v e r ,  a t  
l o w e r  t e m p e r a t u r e s  t h e  c o n s t a n t s  become s t r o n g e r  f u n c t i o n s  
o f  t e m p e r a t u r e  a n d ,  t h e r e f o r e ,  t h e  s e c o n d  o r d e r  p o l y n o m i a l s  
i n  p r e s s u r e  f i t t e d  t o  t h e  c o n s t a n t s  a t  v a r i o u s  t e m p e r a t u r e s  
a l s o  need t o  be f u n c t i o n s  o f  t e m p e r a t u r e .  I t  i s  n o t  f e l t  
t h a t  t h i s  e x t r a  s o p h i s t i c a t i o n  i s  j u s t i f i e d  by t h e  n um b e r  
o f  d a t a  p o i n t s  a v a i l a b l e .
6 , 2 ,  V o l u m e t r i c '  Da ta
6 . 2 .  1. Vo lume c h a n g e  on m i x i n g  a t  A t m o s p h e r i c  P r e s s u r e
a ) C o m p a r i s o n  w i t h  o t h e r  d a t a
A l t h o u g h  no a c t u a l  v o l u m e  c h a n g e s  have been p u b l i s h e d  
as  s u c h ,  s p e c i f i c  g r a v i t y  d a t a  f o r  a r a n g e  o f  c o m p o s i t i o n s  
a r e  a v a i l a b l e  f r o m  s e v e r a l  s o u r c e s .  Vo lume c h a n g e s  on m i x i n g  
were  c a l c u l a t e d  by t h e  m e t h o d  d e s c r i b e d  i n  S e c t  5 . 1 . 2 .  f r o m  
t h e  s p e c i f i c  g r a v i t y  d a t a  o f  T a r a s o v  e t  a l  ( 9 6 )  and  Boeke  
and Haneward  ( 9 7 ) ,  s i n c e  t h e s e  t wo  s e t s  o f  d a t a  a r e  t h e  m o s t  
e x t e n s i v e  a v a i l a b l e ,  and a r e  a l s o  t a k e n  a t  a l m o s t  t h e  same 
t e m p e r a t u r e * 21 and 22°C r e s p e c t i v e l y .  The v ^  c a l c u l a t e d  f r o m  
t h e s e  t w o  s e t s  o f  d a t a  a r e  shown p l o t t e d  i n  F i g .  ( 5 - 1 ’) .  A l s o  
shown a r e  t h e  v ^ ’ s c a l c u l a t e d  f r o m  t h e  s p e c i f i c  g r a v i t y  
m e a s u r e m e n t s  t a k e n  a t  2 1 . 5 ° C  w h i c h  were  o b t a i n e d  e x p e r i m e n t a l l y  
i n  t h i s  w o r k .  T h e se  r e s u l t s  a r e  shown i n  T a b l e  ( 5 - 2 ) .  From 
F i g .  ( 5 - 1 )  i t  can  be seen t h a t  t h e  r e s u l t s  o b t a i n e d  a g r e e  
c l o s e l y  w i t h  t h e  r e s u l t s  c a l c u l a t e d  f r o m  t h e  d a t a  o f  t h e  
t wo  o t h e r  w o r k e r s .
Eb ) The s i g n  o f  v
Two l i q u i d s  a r e  c o m p l e t e l y  m i s c i b l e  i f  t h e  f o l l o w i n g  
i s  o b e y e d  :
AgmlX < 0 ( 6 . 1 - 1 )
(Tx2-
> 0 f o r  a l l  c o m p o s i t i o n s  ( 6 . 1 - 2 )
T , P
From e q u a t i o n  ( 2 . 1 - 1 9 )  i t  can be seen  t h a t  Agm i x  i s  a f u n c ­
t i o n  o f  p r e s s u r e  and t h u s  c h a n g e s  i n  p r e s s u r e  can a f f e c t  t h e  
m i s c i b i l i t y  o f  t h e  s y s t e m .  A q u a n t i t y  r e l a t e d  c l o s e l y  t o  
b o t h  p r e s s u r e  and Agm l x  i s  t h e  v o l u m e  c hap ge  on m i x i n g  Av mlX
aA m l x  ' •
The r e l a t i o n  i s :  (— — ) T = Av mlX ( 6 . 1 - 3 )dr I , x
F o r  an i n c o m p l e t e l y  m i s c i b l e  l i q u i d  s y s t e m  a t  a t m o s ­
p h e r i c  p r e s s u r e  t h e  r e q u i r e m e n t  o f  e q u a t i o n  ( 6 . 1 - 2 )  i s  
n o t  s a t i s f i e d .  I f  t h e  s y s t e m  a l s o  has a n e g a t i v e  v o l u m e  
c han ge  on m i x i n g  t h e n  f r o m  e q u a t i o n  ( 6 . 1 - 3 )  an i n c r e a s e  
i n  p r e s s u r e  w i l l  l o w e r  AgmlX and a t  h i g h  p r e s s u r e  t h e  
v a r i a t i o n  o f  Ag m i x  w i t h  x may w e l l  s a t i s f y  e q u a t i o n  ( 6 . 1 - 2 )  
and c o m p l e t e  m i s c i b i l i t y  w i l l  r e s u l t .
The e v i d e n c e  s u p p l i e d  by  t h e  r e s u l t s  o b t a i n e d  i n  
t h i s  w o r k  s u p p o r t s  t h e  t h e o r e t i c a l  p r e d i c t i o n s :  f r o m  t h e  
e q u i l i b r i u m  d a t a  i t  i s  f o u n d  t h a t  t h e  s y s t e m  becomes com­
p l e t e l y  m i s c i b l e  a t  e l e v a t e d  p r e s s u r e s ,  and f r o m  t h e  
v o l u m e t r i c  s t u d i e s  t h e  e x c e s s  v o l u m e  c h a n g e s  o f  m i x i n g  
a r e ,  a t  t h e  l o w e r  p r e s s u r e s ,  n e g a t i v e .
c )  Da t a  O b t a i n e d  a t  A t m o s p h e r i c  P r e s s u r e
S p e c i f i c  g r a v i t y  d a t a  w e r e  o b t a i n e d  f o r  t h e  m i x t u r e s  
a t  t e m p e r a t u r e s  o f  3 0 ,  50 and 70°C and t h e  v o l u m e  c h a n g e s  
on m i x i n g  c a l c u l a t e d  we re  o f  p r i m a r y  use i n  t h e  c a l c u l a t i o n
p
o f  v a t  v a r i o u s  p r e s s u r e s  as shown i n  S e c t i o n  5 . 3 . 4 .  T he se  
v a l u e s  o f  v ^  a r e  p l o t t e d  i n  F i g .  ( 5 - 2 0 )  and t a b u l a t e d  i n
T a b l e s  ( 5 - 1 4 )  t o  ( 5 - 1 6 ) .  From F i g .  ( 5 - 2 0 )  i t  a p p e a r s  t h a t
E 3v i s  n o t  a s t r o n g  f u n c t i o n  o f  t e m p e r a t u r e ,  i e .  p = o ~^
The v a l u e s  o b t a i n e d  a t  70°C f o r  t h e  MEK r i c h  l a y e r  d e v i a t e
f r o m  t h e  p o i n t s  o b t a i n e d  a t  30 and 50°C and I n d i c a t e  t h e
E
i n f l u e n c e  o f . t e m p e r a t u r e  on v . •
6.2.2 Accuracy and Presentation of Compressibility Data
a)  A c c u r a c y  o f  t h e  Method
The m e th o d  c h o s e n  f o r  t h e  m e a s u r e m e n t  o f  c o m p r e s s i ­
b i l i t i e s  was c o n t i n u o u s  and r a p i d .  . O n l y  t h e  t i m e  r e q u i r e d  f o r  
t h e  d i s s i p a t i o n  o f  t h e  h e a t  g e n e r a t e d  d u r i n g  c o m p r e s s i o n  
l i m i t e d  t h e  spee d  o f  t h e  e x p e r i m e n t s .  A l s o ,  i n a c c u r a c i e s  
i n  t h e  r e a d i n g s  due t o  c h a n g e s  i n  e l e c t r i c a l  p r o p e r t i e s  
o f  t h e  m e a s u r i n g  s y s t e m s  w e r e  e l i m i n a t e d .
The a c c u r a c y  o f  t h e s e  m e a s u r e m e n t s  was l i m i t e d  by  t h e  
a v a i l a b l e  a p p a r a t u s .  A l a r g e  v o l u m e  o f  s a m p l e  ( a p p r o x i m a t e l y
50 m l )  was c o n t a i n e d  i n  a v e s s e l  t h e  maximum e f f e c t i v e  l e n g t h
o f  w h i c h  was 2 . 2 5  i n c h e s .  The maximum t r a v e l  o f  t h e  p i s t o n  
i n  t h e  p r e s s u r e  r a n g e  c o n s i d e r e d  was a p p r o x i m a t e l y  0 . 2 5  i n c h e s  
I f ,  f o r  e x a m p l e ,  a p p a r a t u s  s i m i l a r  t o  t h a t  o f  D o o l i t t l e  ( 4 0 )  
had been used  f a r  g r e a t e r  movement s  w o u l d  have  r e s u l t e d  f o r  
t h e  same p r e s s u r e  c h a n g e s  and t h e  a c c u r a c y  i m p r o v e d .  A more  
d e l i c a t e  t r a n s d u c e r  c o n s t r u c t i o n *  i e .  f i n e r  w i n d i n g s  ( a l t h o u g h  
l e s s  t h a n  t h e  0 . 0 0 1  i n c h  d i a m e t e r  used  i s  p r o b a b l y  i m p r a c t i c ­
a b l e )  and f i n e r  w i p e r  c o n s t r u c t i o n ,  w o u l d  have a s s i s t e d  i n  
t h e  a c c u r a t e  l o c a t i o n  o f  t h e  p i s t o n .  H o w e v e r ,  i n  s p i t e  o f  
t h e  abo ve  c r i t i c i s m  o f  t h e  me t hod  i t  i s  shown i n  A p p e n d i x  I I I  
t h a t  t h e  me th o d  used  i s  s t i l l  a c c u r a t e .
b)  C o r r e l a t i o n  o f  Da ta
As e x p l a i n e d  i n  S e c t i o n  5 . 3 . 2  t h e  p o i n t s  o b t a i n e d  f o r  
each  m i x t u r e  and t e m p e r a t u r e  w e r e  f i t t e d  t o  a t h i r d  o r d e r
p o l y n o m i a l  i n  P,  as s u g g e s t e d  by Haywar d  ( 5 4 ) .  F o r  o r g a n i c  
l i q u i d s  Ha ywa r d  s u g g e s t e d  a f o u r t h  o r d e r  p o l y n o m i a l  t o  e x ­
p r e s s  t h e i r  c o m p r e s s i b i l i t i e s ,  h o w e v e r ,  as shown i n  A p p e n d i x  
I V  t h e  a c c u r a c y  o f  t h e  d a t a  o b t a i n e d  d i d  n o t  w a r r a n t  t h e  
f i t t i n g  o f  a f o u r t h  o r d e r  p o l y n o m i a l ,  s i n c e  t h e  m e t h o d  used  
p r o d u c e d  d a t a  w i t h  an i n a c c u r a c y  s u f f i c i e n t l y  l a r g e  t o  c a u s e  
c h a n g e s  i n  t h e  t h i r d  d e c i m a l  p l a c e  o f  t h e  c o m p r e s s i b i l i t y .
From F i g s .  ( 5 - 1 1 )  t o  ( 5 - 1 3 )  t h e  c o m p r e s s i b i l i t i e s  a t  
c o n s t a n t  t e m p e r a t u r e  and v a r i o u s  c o m p o s i t i o n s  a p p e a r  t o  f o r m  
a f a m i l y  o f  c u r v e s .  I t  i s  p o s s i b l e  t h a t  t h e  p r e s s u r e  c o ­
e f f i c i e n t s  o f  t h e  p o l y n o m i a l s  w h i c h  f i t  t h e  e x p e r i m e n t a l  
d a t a  a r e  t h e m s e l v e s  r e l a t e d  t o  c o m p o s i t i o n  i n  a s i m i l a r  m a n n e r  
as t h e  c o n s t a n t s  o f  t h e  van  L a a r ,  NRTL,  H e i l  and O r y e  e q u a ­
t i o n s  c o u l d  be r e l a t e d  t o  t e m p e r a t u r e .
F i g .  ( 4 - 5 )  w h i c h  c om p a r e s  t h e  r e s u l t s  o b t a i n e d  i n  t h i s  
w o r k  f o r  t h e  c o m p r e s s i b i l i t y  o f  w a t e r  w i t h  r e s u l t s  o b t a i n e d  
by B r i d g m a n ,  shows t h a t  f o r  t h e  r a n g e  o f  p r e s s u r e s  c o n s i d e r e d  
t h e  v a l u e s  o b t a i n e d  i n  t h i s  w o r k  a r e  c o n s i s t e n t l y  h i g h e r  
t h a n  t h o s e  o b t a i n e d  by B r i d g m a n  by  + 0 . 0 0 3 .  I t  has  been  
c o n c l u d e d ,  t h e r e f o r e ,  t h a t  t h e  a p p a r a t u s  used  i n  t h i s  w o r k  
has an i n h e r e n t  e r r o r  o f  + 0 . 0 0 3 .  S i n c e  t h e  v o l u m e  c h a n g e s  
on m i x i n g  a t  e l e v a t e d  p r e s s u r e s  have  been c a l c u l a t e d  f r o m  
t h e  a c t u a l  e x p e r i m e n t a l  r e s u l t s ,  t h e i r  c o r r e c t i o n  was a 
s i m p l e  m a t t e r .  The p o l y n o m i a l s ,  e x p r e s s i n g  t h e  c o m p r e s s i ­
b i l i t y ,  have  been c a l c u l a t e d  i g n o r i n g  t h e  i n h e r e n t  e r r o r  
m e n t i o n e d  a b o v e .  T h i s  o m i s s i o n ,  as e x p l a i n e d  i n  S e c t i o n  5 . 3 . 5 ,
w i l l  o n l y  c au se  i n a c c u r a c y  i n  t h e  c a l c u l a t i o n  o f  t h e  i s o ­
t h e r m a l  c o m p r e s s i b i l i t y  a t  p r e s s u r e s  b e l o w  5000 p ,s ,i.
U s i n g  a p o l y n o m i a l  t o  e x p r e s s '  t h e  c o m p r e s s i b i l i t y  
e a s i l y  e n a b l e d  t h e  i s o t h e r m a l  c o m p r e s s i b i l i t y ,  3* t o  be 
f o u n d  by  s i m p l y  d i f f e r e n t i a t i n g  t h e  p o l y n o m i a l  f o r  V/V- 
w i t h  r e s p e c t  t o  P.  B e caus e  o f  t h e  m i s c i b i l i t y  gap o n l y  
p o i n t s  a t  t h e  t wo  c o m p o s i t i o n  e x t r e m e s  may be o b t a i n e d ,  
b u t  even  s o ,  some c o n c l u s i o n  may be d r a w n .  As f o u n d  by 
o t h e r  w o r k e r s  ( 4 8 ) ,  ( 5 9 ) ,  ( 6 2 ) ,  ( 6 3 )  t h e  c o m p r e s s i b i l i t y  
o f  w a t e r  i s  d e c r e a s e d  by s m a l l  a d d i t i o n s  o f  an o r g a n i c  
p h a s e .  T h i s  c a u s e s  t h e  c u r v e  o f  8 vs.  x t o  p a s s  t h r o u g h  
a m in i mum a t  a b o u t  .10% ( w t )  NEK a t  a l l  t h r e e  t e m p e r a t u r e s  
c o n s i d e r e d .  A t  t h e  o t h e r  end o f  t h e  c o m p o s i t i o n  r a n g e  
s m a l l  a d d i t i o n s  o f  w a t e r  c a u s e  a s p e c t a c u l a r  d e c r e a s e  i n  
t h e  v a l u e  o f  8* t h i s  e f f e c t  b e c o m i n g  more n o t i c a b l e  a t  
h i g h e r  t e m p e r a t u r e s .
6 . 2 . 3  Vo lume Changes  on N i x i n g  a t  H i g h  P r e s s u r e
a ) G e n e r a l  O b s e r v a t i o n s  f r o m  t h e  Da t a
The e x c e s s  m o l a r  v o l u m e s  o f  m i x i n g  d e d u c e d  d i r e c t l y  
f r o m  t h e  d e n s i t y  m e a s u r e m e n t s  a r e  t a b u l a t e d  i n  T a b l e s  
( 5 - 1 4 )  t o  ( 5 - 1 6 )  and p l o t t e d  i n  F i g s .  ( 5 - 1 7 )  t o  ( 5 - 1 9 ) .  
A l s o  shown a r e  t h e  e x c e s s  m o l a r  v o l u m e s  o f  m i x i n g . a t  
e l e v a t e d  p r e s s u r e s ,  c a l c u l a t e d  f r o m  t h e  m o l a r  v o l u m e s  a t  
1 a t m and t h e  m e a s u r e d  c o m p r e s s i o n s  o f  t h e  m i x t u r e s .  
R e f e r e n c e  t o  F i g s .  ( 5 - 1 7 )  t o  ( 5 - 1 9 )  shows t h a t  t h e  e x c e s s
m o l a r  v o l u m e s  a t  each  t e m p e r a t u r e  c o n s i d e r e d ,  e x h i b i t
t w o  max ima and one m i n i mu m.  A t  h i g h  c o n c e n t r a t i o n s '  o f
E ENEK v i s  p o s i t i v e ,  b u t  t o w a r d s  t h e  m i s c i b i l i t y  gap v
£
d e c r e a s e s  and can be i m a g i n e d  t o  c r o s s  t h e  l i n e  v = 0
somewhere  i n  t h e  t wo  p h a s e  r e g i o n .  A t  l o w  c o n c e n t r a t i o n s
E Eo f  NEK v i s  n e g a t i v e  b u t  t o w a r d s  x = 0 ,  v a p p e a r s  t o
become p o s i t i v e  a g a i n .
The e x c e s s  m o l a r  v o l u m e  c h a n g e s  o f  m i x i n g  have  been 
c a l c u l a t e d  f r o m  ’ u n s m o o t h e d *  d a t a .  By e x p r e s s i n g  t h e  
c o m p r e s s i b i l i t y  d a t a ,  a t  v a r i o u s  c o m p o s i t i o n s  b y ,  f o r  
e x a m p l e ,  a p o l y n o m i a l  i n  P,  and t h e n  e x p r e s s i n g  t h e  c o n ­
s t a n t s  o b t a i n e d  i n  eac h  p o l y n o m i a l  as a f u n c t i o n  o f  t h e  
c o m p o s i t i o n ,  s m o o t h e d  v ^  vs ,  x c u r v e s  w o u l d  be o b t a i n e d .
T h i s  m e th o d  w o u l d  p r e j u d g e ,  t o  some e x t e n t ,  t h e  s h ap e  o f  
t h e s e  c u r v e s .  A l s o ,  t h e  p o l y n o m i a l s  w o u l d  have  t o  be 
s u f f i c i e n t l y  f l e x i b l e  t o  p r o v i d e  a good f i t  a t  t h e  s h a r p  
c u r v a t u r e  n e a r  x = 0 and x = 1 w h i c h  w o u l d  r e q u i r e  t h e m 
t o  be o f  s uc h  a h i g h  d e g r e e  as t o  e x h i b i t  a n um b e r  o f  
max ima and m i n i m a  w i t h i n  t h e  m i s c i b i l i t y  g a p .  ; •
A s i m i l a r  shap e  v ^  vs.  x c u r v e  a t  h i g h  p r e s s u r e s  has 
been r e p o r t e d  by S t u t c h b u r y  ( 6 3 )  f o r  t h e  p y r i d i n e  -  w a t e r  
s y s t e m ,  a l t h o u g h  t h i s  l a t t e r  p a i r  o f  c o m p o n e n t s  do n o t  
show a m i s c i b i l i t y  g ap .
The s m a l l  r a n g e  o f  t e m p e r a t u r e  c o n s i d e r e d  has  no g r e a t
E Ee f f e c t  on v . T e m p e r a t u r e  seems t o  have  more a f f e c t  on v
a t  e l e v a t e d  p r e s s u r e s  t h a n  a t  a t m o s p h e r i c  p r e s s u r e ,  a l s o
t h e  NEK r i c h  end o f  t h e  c o m p o s i t i o n  r a n g e  i s  more a f f e c t e d  
t h a n ' t h e  a q u e ou s  e n d .
R e f e r r i n g  t o  F i g s .  ( 5 - 1 7 )  t o  ( 5 - 1 9 )  i t  i s  p o s s i b l e  t o  
i n f e r  t h e  e x i s t e n c e  o f  a s e c o n d  two pha s e  r e g i o n  a t  p r e s s u r e s  
o u t s i d e  t h e  r a n g e  used  i n  t h i s  w o r k .  P o s i t i v e  v a l u e s  o f  t h e  
e x c e s s  m o l a r  v o l u m e  c han ge  o f  m i x i n g  o c c u r  m a i n l y  i n  t h e  NEK 
r i c h  s o l u t i o n s  a t  a l l  t h e  t e m p e r a t u r e s  c o n s i d e r e d  and a l s o  
a t  t h e  m a j o r i t y  o f  t h e  p r e s s u r e s  u s e d .  S m a l l  p o s i t i v e  v a l u e s  
a r e  a l s o  o b s e r v e d  i n  weak  s o l u t i o n s  o f  NEK, t o w a r d s  t h e  u p p e r  
end o f  t h e  p r e s s u r e  r a n g e ,  a t  30 and 5 0 ° C .  H o w e v e r ,  a t  com­
p o s i t i o n s  a p p r o a c h i n g  each  s i d e  o f  t h e  m i s c i b i l i t y  gap t h e
E
i n d i c a t i o n  i s  t h a t  t h e  v a l u e s  o f  v d e c r e a s e  a n d ,  when c o n ­
t i n u e d  t h r o u g h  t h e  m i s c i b i l i t y  gap .(.shown w i t h  d a s h e d  l i n e s ,  
w h i c h  a l t h o u g h  f i c t i t i o u s  a r e  c o n s i d e r e d  t o  e x i s t  f o r  t h e  
p u r p o s e s  o f  t h i s  d i s c u s s i o n )  a c t u a l l y  become n e g a t i v e .
The b e h a v i o u r  o f  t h e  e x c e s s  m o l a r  v o l u m e  c h a n g e  o f
m i x i n g  on a p p r o a c h i n g  t h e  m i s c i b i l i t y  gap i s  i n  a c c o r d a n c e
w i t h  t h e o r y .  F o r  t h e  m i s c i b i l i t y  gap a t  a g i v e n  t e m p e r a t u r e
Et o  g e t  n a r r o w e r  w i t h  i n c r e a s i n g  p r e s s u r e ,  g m us t  become l e s s  
p o s i t i v e .  S i n c e
( f j § - ) T = vE ( 2 .1 -3 1 )
a n d ,  t h e r e f o r e ,  v m u s t  be n e g a t i v e ,  a t  l e a s t  n e a r  t h e  i m ­
m i s c i b l e  r e g i o n ,  f o r  t h e  gap t o  n a r r o w .  A t  p r e s s u r e s  a b o v e  
t h e  c r i t i c a l  t h e  n e g a t i v e  p o r t i o n s  o f  t h e s e  c u r v e s  a p p r o a c h  
t h e  l i n e  v = 0 ,  i n d i c a t i n g  t h a t  a t  some h i g h  p r e s s u r e ,
p r o b a b l y  above  t h e  maximum p r e s s u r e  used  i n  t h i s  w o r k ,  
a t w o  p h a s e  r e g i o n  may a g a i n  be f o r m e d  s i n c e  a t  t h e s e  
e l e v a t e d  p r e s s u r e s  t h e  i n f - e r e n c e  i s  t h a t  g may become 
i n c r e a s i n g l y  p o s i t i v e .
Eb)  E m p i r i c a l  E x p r e s s i o n s  f o r  v
I t  i s  hoped t o  d e s c r i b e  t h e  v o l u m e t r i c  b e h a v i o u r  o f  
t h e  NEK/H2 O s y s t e m  by  u s i n g  a d e r i v a t i v e  o f  one o f  t h e  
e x p r e s s i o n s  f o r  g ^  w h i c h  w e r e  c o n s i d e r e d  f o r  r e p r e s e n t i n g  
t h e  l i q u i d - l i q u i d  e q u i l i b r i u m  d a t a .
As p o i n t e d  o u t  e a r l i e r  ( S e c t i o n  2 . 2 . 4 )  t h e  MEK/h^O 
s y s t e m  i s  c o m p l e x ,  due t o  v a r i o u s  i n t e r m o l e c u l a r  i n t e r ­
a c t i o n s ,  t h e  v a r i o u s  s o l u t i o n s  f o r  t h e  G i b b s - D u h e m  e q u a t i o n  
a r e  n o t  i n t e n d e d  t o  be a d e q u a t e  f o r  s u c h  a p p l i c a t i o n s .  The 
van L a a r  e q u a t i o n ,  f o r  e x a m p l e ,  assumes i n  i t s  d e r i v a t i o n  
t h a t  v = 0 ,  b u t  s i n c e  when many s o l u t i o n s  o f  t h e  G i b b s -  
Duhem e q u a t i o n  a r e  us ed  f o r  t h e  r e p r e s e n t a t i o n  o f  e q u i l i b r i u m  
d a t a  t h e  o r i g i n a l  m e a n i n g  o f  t h e  p a r a m e t e r s  d i s a p p e a r s ,  and  
t h e y  become o n l y  e m p i r i c a l  p a r a m e t e r s ,  t h e n  i t  i s  p o s s i b l e  
t h a t  one o f  t h e  e q u a t i o n s  w i l l  be s u i t a b l e  f o r  t h e  r e p r e s e n ­
t a t i o n  o f  t h e  v o l u m e t r i c  b e h a v i o u r  o f  t h e  MEK/H2 O s y s t e m .
( i )  R e d l i c h - K i s t e r  E q u a t i o n
The R e d l i c h - K i s t e r  e q u a t i o n  may be w r i t t e n  ( s e c t i o n  
2 . 2 . 2 b )
g E/ RT  = x 1x 2 [ A ’ + B ’ t x 1 - x 2 ) + C ’ ( x 1 - x 2 ) 2 + . . ]  ( 6 . 2 - 4 )
awhich, from equation (2.1-31] becomes:
E/m-  r 3 A ' 3B ’ ( ">2 r c o c " i
v /RT = x 1 x 2 t 9p“  BP”  1~X2 ) SP“  l " X2^ + - ’ ’ 3 ( 6 . 2 - 5 )
I n  o r d e r  t o  p r o d u c e  t h e  g e n e r a l  s ha p e  o f  t h e  v  vs  x c u r v e s  
a t  l e a s t  t h r e e  a d j u s t a b l e  p a r a m e t e r s  a r e  r e q u i r e d ,  t h e i r  
d e r i v a t i v e s  w i t h  r e s p e c t  t o  p r e s s u r e  b e i n g  n o n - z e r o .
On f i t t i n g  t h e  t h r e e  p a r a m e t e r  f o r m  o f  e q u a t i o n  ( 6 . 2 - 5 )  
t o  t h e  e x p e r i m e n t a l  r e s u l t s  i t  was f o u n d  t h a t ,  w h i l e  t h e  
g e n e r a l  shap e  o f  t h e  c u r v e  was d e s c r i b e d ,  t h e  a c t u a l  f i t  was 
p o o r .  I n c r e a s i n g  t h e  num be r  o f  a d j u s t a b l e  p a r a m e t e r s  i m ­
p r o v e d  t h e  f i t ,  b u t  max ima and m i n i m a  we r e  . o f t e n  f o r m e d  i n  
t h e  m i s c i b i l i t y  g ap .
b)  Van L a a r  E q u a t i o n
The e x p r e s s i o n  f o r  g^  f r o m  t h e  van L a a r  e q u a t i o n  i s
E A B x . x_
h - w ^ r 2 ( 6 - 2 - 5)
D i f f e r e n t i a t i n g  w i t h  r e s p e c t  t o  p r e s s u r e  g i v e s :
E ( A 2x | | +b 2 x | ^ )
v /RT = x x --------------- ^ L -  ( 6 . 2 - 7 )
( A x 1 + B x 2 )
The r i g h t  hand s i d e  o f  t h i s  e q u a t i o n  can show a s i n g l e  s i g n
BA 3B Ec hange  i f  (-r-5-) (-rsO < 0  b u t  c a n n o t  show t wo  r o o t s  i n  v f o r  d r  dr
0  <  X ^ 1 .
(iii) Black's Equation
EB l a c k ’ s e x p r e s s i o n  f o r  g i n  a b i n a r y  m i x t u r e  i s
E A B x ' x
RT = A x T+B xT  + CX1 X2 ( X 1 ~ X2 ‘I ( 6 . 2 - 8 )
w h i c h ,  on d i f f e r e n t i a t i o n  w i t h  r e s p e c t  t o  p r e s s u r e ,  g i v e s
Et h e  f o l l o w i n g  e x p r e s s i o n  f o r  v :
E
RT = X1 X 2
[ A ^ x  dE □ 2 8 A v IA x 13p a x 2 3 p j 3C
+7Ti=r(x^  - x „ )
f n 1 2 8P 1 2( A x 1 +Bx 2 )
( 6 . 2 - 9 )
The f i r s t  t e r m  i n  t h e  s q u a r e  b r a c k e t s  i s  i d e n t i c a l  t o
t h e  van L a a r  e q u a t i o n  f o r  v ^ .  A l t h o u g h  t h e  s e c o n d  t e r m
c a n n o t  c han ge  s i g n  o v e r  t h e  r a n g e  0  < x < 1 , ° n  c o m b i n a t i o n
w i t h  t h e  f i r s t ,  i t  i s  p o s s i b l e  t o  o b t a i n  c u r v e s  s h o w i n g  t h e
same c h a r a c t e r i s t i c s  o f  t h o s e  o b t a i n e d  e x p e r i m e n t a l l y .
E x a m i n a t i o n  o f  e q u a t i o n  ( 6 . 2 - 9 )  r e v e a l s  t h a t  i t  c o n t a i n s
3 A 9 B 3 Cf o u r  i n d e p e n d e n t  p a r a m e t e r s ,  n a m e l y  B / A ,  -^p, -gp- and  -g-p.
I n  o r d e r  t o  g i v e  c u r v e s  h a v i n g  t w o  max ima and one m in i mu m
f o r  t h e  r a n g e  0 < x < 1 ,  i t  i s  n e c e s s a r y  f o r  B / A  t o  be
8 A 8 B 8 Cp o s i t i v e ,  «gp and -gp m u s t  each  be n e g a t i v e  and -gp m u s t  be
p o s i t i v e .
The a t t e m p t s  a t  u s i n g  e q u a t i o n  ( 6 . 2 - 9 )  t o  f i t  t h e
e x p e r i m e n t a l l y  o b t a i n e d  h i g h  p r e s s u r e  r e s u l t s  have  r e s u l t e d
i n  p o o r  f i t s  w h i c h  w e r e  no b e t t e r  t h a n  t h e  r e s u l t s  o b t a i n e d
Ewhen t h e  t h r e e  p a r a m e t e r  R e d l i c h - K i s t e r  e x p r e s s i o n  f o r  v , 
e q u a t i o n  ( 6 . 2 - 5 ) ,  was f i t t e d .  The v ^  v a l u e s  f o u n d  a t  30°C
and a t m o s p h e r i c  p r e s s u r e  w e r e  a p p r o x i m a t e d  q u i t e  w e l l  by 
e q u a t i o n  ( 6 . 2 - 9 ) .
i v )  M a r g u l e s  E q u a t i o n
The t h r e e  p a r a m e t e r  f o r m  o f  t h e  e q u a t i o n  i s :
E
RT = X1 X2 (AX2 +BX1 ~ CX1 X2 ) ( 6 . 2 - 1 0 )
w h i c h  on d i f f e r e n t i a t i o n  w i t h  r e s p e c t  t o  p r e s s u r e  g i v e s :
v B f 3 A .3B 3 C . -v
RT = X1 X2 3PX2 3P 1 3P 1 X2
E q u a t i o n  ( 6 . 2 - 1 0 a ) ,  l i k e  t h e  t h r e e  p a r a m e t e r  R e d l i c h - K i s t e r  
e q u a t i o n ,  can g i v e  r o o t s  a t  x = 0  and x = 1 and a l s o  a t  t w o  
c o n c e n t r a t i o n s  i n  t h e  r a n g e  0 < x < 1.  A p l o t  o f  v B v s  x ,  
t h e r e f o r e ,  may c r o s s  t h e  l i n e  v B = 0 a t  t wo  p o i n t s  i n  t h i s  
r a n g e  and can r e p r e s e n t  t h e  b e h a v i o u r  o f  t h e  s y s t e m  q u a n t i ­
t a t i v e l y .  The f i t  w i l l  be no b e t t e r  t h a n  t h a t  f o r  t h e  t h r e e -  
c o n s t a n t  R e d l i c h - K i s t e r  e q u a t i o n  ( 6 . 2 - 5 )  s i n c e ,  on e q u a t i n g  
t h i s  e q u a t i o n  w i t h  e q u a t i o n  ( 6 . 2 - 1 0 )  and e q u a t i n g  c o e f f i c i e n t s  
( n a m e l y  p o w e r s  o f  x )  i t  i s  f o u n d  t h a t  t h e  t wo  e q u a t i o n s  a r e  
i d e n t i c a l  when:
The second suffixes, M and R, in equations (6.2-11),
( 6 . 2 - 1 2 )  and ( 6 . 2 - 1 3 )  d e n o t e  M a r g u l e s  and R e d l i c h - K i s t e r .
c )  L o c a l  C o m p o s i t i o n  E q u a t i o n s
. T h r e e  o f  t h e  l o c a l  c o m p o s i t i o n  e q u a t i o n s ,  n a m e l y  t h e  Q r y e ,  
NRTL and H e i l ,  have been m e n t i o n e d  e a r l i e r  d u r i n g  t h e  
s t u d y  o f  t h e  l i q u i d - l i q u i d  e q u i l i b r i u m  f o r  t h e  s y s t e m .
B e l ow  a r e  c o n s i d e r e d  t h e  a p p l i c a b i l i t y  o f  t h e s e  
e q u a t i o n s  f o r  r e p r e s e n t i n g  t h e  v o l u m e t r i c  b e h a v i o u r  o f  
t h e  s y s t e m  a l o n g  w i t h  o t h e r  l o c a l  c o m p o s i t i o n  e q u a t i o n s  
w h i c h  may be s u m m a r i s e d  a s :
E
RT s “  p [ x 1 £ n ( D 1 2 ) + x 2 £ n ( D 2 1 ) ]
+ o x  X T 2 1 G2 l / l 2 G1 2 -,
1 2  D21 D12 ]
intG12G21)-  r x  x — h p ( 6 . 2 - 1 4 )
12 21
w h e r e :  □ „  = x ^ + x ^ G ^ , ;12 1 2  21
and °21 = X2+X1G12-
The t a b l e  b e l o w  shows how t h i s  g e n e r a l  e x p r e s s i o n  r e d u c e s  
t o  v a r i o u s  l o c a l  c o m p o s i t i o n  e q u a t i o n s  when t h e  a p p r o p r i a t e  
v a l u e s  o f  p ,  q ,  r ,  p i j  and a - j j  a r e  c h o s e n .
I n  d i f f e r e n t i a t i n g  e q u a t i o n  ( 6 . 2 - 1 4 )  w i t h  r e s p e c t  
t o  p r e s s u r e  i t  has been assumed t h a t  i s  i n d e p e n d e n t  o f
r  P i i  a i j  E q u a t i o n  No.  R e f .
•L J  yJ
1 0 0 v i / v j  ^ W i l s o n  6 . 2 - 1 5  89
C 0  0  V i / V j  1 C u s o n ed 6 - 2 ' 16 89
0 0 1 V i / V j  1 ' . ^ o n P i °  6 - 2 “ V  7 2
1 0  1 v i / v j  O ry e  6 . 2 - 1 8  75
o / t M o d i f i e d  c o i n  -7q1 0  C V i / V j  1 0 r y e  6 . 2 - 1 9  73
0 1 0  1 C NRTL 6 . 2 - 2 0  92
1 1 0 v i / v j  1 H e i l  6 . 2 - 2 1  93
p r e s s u r e  a l t h o u g h  a c c o u n t  has been t a k e n  o f  t h e  p o s s i b l e  
v a r i a t i o n  o f  p ^ j  w i t h  p r e s s u r e .  The g e n e r a l  e x p r e s s i o n  
f o r  t h e  e x c e s s  v o l u m e  o f  m i x i n g  i s  g i v e n  b y :
Z . p x x { ! 2 1 [ a  3T2 1 . a U n P 2 1 J ^ G1 2 C8
RT ” l 2  0 ^  21 3P 3P J 0 1 2  3P 3P J 1
G21 3t21 T 21 3t12 3(AnP12)+ n x  x  1   f  —-  v - f nr - ________  ~i
q 1 2 D 3P ID  12 3P 3P
12 12
; G1 2 3t12 .. T12 . 3t21 3 U n P2l)111
D 3P 2D0 „ 21 3P 3P j J i21 21
, „XlX2ai2/3T21i G21^T12+T2 l L  3T21_3tAnp2 1 f
D12D21 3P *2 °12 21 3P " 3P
 ^ 3T12j.. G12tT21 + T1 2 f  3T12^3t)lnpi 2 k 1
3P X1 D21 12 3P 3P
The d i f f e r e n t i a t i o n  o f  t h e  v a r i o u s  f o r m s  o f  e q u a t i o n s  
( 6 . 2 - 1 5 ) . t o  ( 6 . 2 - 2 1 )  w i t h  r e s p e c t  t o  p r e s s u r e  y i e l d s  e x ­
p r e s s i o n s  f o r  t h e  v o l u m e  c hange  o r t m i x i n g  d e s i g n a t e d  e q u a ­
t i o n s  ( 6 . 2 - 2 2 )  t o  ( 6 . 2 - 2 8 )  r e s p e c t i v e l y .
E x a m i n a t i o n  o f  t h e  f i r s t  f i v e  o f  t h e s e  e q u a t i o n s  n a m e l y  
( 6 . 2 - 2 2 )  t o  ( 6 . 2 - 2 6 )  shows t h a t  each  o f  t h e s e  can g i v e  j u s t  
one s i g n  c hange  i n  t h e  r a n g e  0 < x < 1.  S i n c e  t h e s e  c u r v e s  
p a s s  t h r o u g h  ( 0 ,  0)  and ( 1 ,  0)  t h e n  o n l y  one maximum and one 
m in i mu m can be e x h i b i t e d  i n  t h e  r a n g e  0 < x < 1 .  I t  i s  
e v i d e n t ,  t h e r e f o r e ,  t h a t  t h e  l o c a l  c o m p o s i t i o n  e q u a t i o n s  t h a t  
have  been c o n s i d e r e d  so f a r  a r e  u n a b l e  t o  d e s c r i b e  t h e  v o l u ­
m e t r i c  b e h a v i o u r  o f  t h e  MEK/H^O s y s t e m .
The r e m a i n i n g  t wo  e q u a t i o n s ,  n a m e l y  t h e  H e i l  and t h e  
NRTL e q u a t i o n s ,  a r e  c a p a b l e  o f  s h o w i n g  t wo  max ima and one 
m in i mum i n  t h e  r a n g e  0 < x < 1 p r o v i d e d  t h a t  t h e  v a l u e s  o f  
a i j  T i j  a r e  s u f f i c i e n t l y  l a r g e  and p o s i t i v e  and a l s o  t h a t  
t h e  two  3 x — / 3 P  t e r m s  a r e  p o s i t i v e .  F o r  e x a m p l e ,  i n  a 
s y m m e t r i c a l  s y s t e m  w i t h  t h e  NRTL e q u a t i o n  ( 6 . 2 - 2 7 )  t wo  
max ima and one m in i mu m a r e  a l w a y s  f o u n d  i f  ax e x c e e d s  a b o u t
1 . 2 8  and t h e  3 x / 3 P ' s  a r e  p o s i t i v e .  The s h a p e s  o f  t h e  c u r v e  
g i v e n  by t h i s  e q u a t i o n  f o r  s e v e r a l  v a l u e s  o f  ax  i n  a s y m ­
m e t r i c a l  s y s t e m  a r e  shown s k e t c h e d  i n  F i g .  ( 6 - 1 ) .  S i m i l a r  
c u r v e s  r e s u l t  f r o m  H e i l s  e q u a t i o n  ( 6 . 2 - 2 8 ) .  I n i t i a l l y  t h e  
c u r v e s  e x h i b i t e d  by t h e s e  e q u a t i o n s  l o o k  p r o m i s i n g  b u t  
e x a m i n a t i o n  shows t h a t  a t  l o w  p r e s s u r e  t h e  v B vs  x c u r v e s  
c o r r e s p o n d i n g  t o  v e r y  h i g h  v a l u e s  o f  ax  i n  F i g .  ( 6 - 1 )  a r e
(a
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it
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FIGURE ( 6 - 1 )  E x c e s s  v o l u m e  f o r  s y m m e t r i c a l  
NRTL e q u a t i o n  f o r  p o s i t i v e  
• a i i j / a p
f o u n d ,  w h i l e  a t  h i g h e r  p r e s s u r e s ,  c u r v e s  c o r r e s p o n d i n g  t o  
l o w e r  v a l u e s  o f  ax  a r e  o b t a i n e d .  I t  i s ,  t h e r e f o r e ,  a 
r e q u i r e m e n t  o f  t h e  e x p e r i m e n t a l  e v i d e n c e  t h a t  t h e  q u a n t i t y  
B x / 9 P  has  t wo  c o n f l i c t i n g  p r o p e r t i e s .  The f i r s t  i s  t h a t  i t  
n e g a t i v e ,  t o  a l l o w  ax t o  d e c r e a s e  w i t h  i n c r e a s i n g  p r e s s u r e ;  
t h e  s e c on d  i s  t h a t  i t  i s  p o s i t i v e ,  t o  e n a b l e  t h e  v ^  vs.  x 
c u r v e s ,  a c c o r d i n g  t o  e q u a t i o n s  ( 6 . 2 - 1 9 )  o r  ( 6 . 2 - 2 0 ) ,  t o  
show one m in i mu m and two  max ima r a t h e r  t h a n  one maximum 
and t w o  m i n i m a .
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U s i n g  t h e  s p e c i a l l y  d e s i g n e d  e q u i l i b r i u m  c e l l  i t  was 
p o s s i b l e  t o  i n v e s t i g a t e  t h e  l i q u i d - l i q u i d  pha se  b e h a v i o u r  
o f  t h e  NEK/H^O s y s t e m  a t  a t m o s p h e r i c  p r e s s u r e .  The d a t a  
o b t a i n e d  was f o u n d  t o  a g r e e  w e l l  w i t h  t h e  r e s u l t s  o f  o t h e r  
w o r k e r s  who u sed  v a r i o u s  o t h e r  m e t h o d s .
The a t m o s p h e r i c  d a t a  o b t a i n e d  i n  t h i s  w o r k ,  t o g e t h e r  
w i t h  some o f  t h e  o t h e r  a v a i l a b l e  a t m o s p h e r i c  d a t a ,  
y i e l d e d  v a l u e s  f o r  t h e  c o n s t a n t s  o f  t h e  v an  L a a r ,  NRTL,
H e i l  and Ory e  e q u a t i o n s .  The c o n s t a n t s  o b t a i n e d  we re  f o u n d  
t o  be q u i t e  s i m p l e  f u n c t i o n s  o f  t e m p e r a t u r e .  The t e m p e r a t u r e  
d e p e n d e n c e  o f  a l l  t h e s e  c o n s t a n t s  c o u l d  be r e p r e s e n t e d  by 
an e q u a t i o n  o f  t h e  f o r m :
A o r  B = a f  + a 2T + a 3T 2
A t t e m p t s  t o  b a c k  c a l c u l a t e  t h e  d e m i x i n g  l o o p s  f o r  t h e  
s y s t e m  a t  a t m o s p h e r i c  p r e s s u r e , u s i n g  t h e  a b o ve  e q u a t i o n s ,  
s u c c e e d e d  o n l y  i n  t h e  c as e  o f  t h e  Qrye  e q u a t i o n ,  t h e  o t h e r  
e q u a t i o n s  f a i l i n g  t o  p r e d i c t  t h e  c l o s e d  p a r t  o f  t h e  l o o p .  
Each s e t  o f  A and B was f i t t e d  up t o  t h e  t e r m  i n  T 2 i n  t h e  
above  e q u a t i o n  and s i n c e  t h e  Orye  e q u a t i o n  gav e  t h e  b e s t  
o v e r a l l  f i t  t o  t h e  l o o p ,  i t  may be i n f e r r e d  t h a t  t h e  Orye 
c o n s t a n t s  a r e  t h e  l e a s t  t e m p e r a t u r e  s e n s i t i v e .  F o r  e x a m p l e
3 A
^ T ;  O ry e
3 A o r
3 T ; v a  n 
L a a r
3 A o r
L 3 T; NRTL
*3A
l 3 T ; H e i l
L i q u i d - l i q u i d  e q u i l i b r i u m  d a t a  f o r  t h e  s y s t e m  o b t a i n e d  
a t  h i g h  p r e s s u r e  c om p a r e s  r e a s o n a b l y  w e l l  w i t h  t h a t  o f  
T i mm er man ns ,  e s p e c i a l l y  when t h e  d i f f e r e n c e  i n  m e t h o d  i s  
c o n s i d e r e d .  From t h e  r e s u l t s  o b t a i n e d  i n  t h i s  w o r k  i t  can 
be seen  t h a t  t h e  d e m i x i n g  s u r f a c e  f o r m s  t h e  shape o f  a 
dome,  i t s  h i g h e s t  p o i n t  o c c u r i n g  a t  18000 p s i  and 75° C,  
c om p a r e d  w i t h  T immermannsA v a l u e s  o f  16000 p s i  and  80°C
The c o n s t a n t s  f o r  t h e  van  L a a r ,  NRTL, H e i l  and  Orye  
e q u a t i o n s  have  been f o u n d  a t  h i g h  p r e s s u r e  and i t  has  
f u r t h e r  been  f o u n d  t h a t  t h e  v a r i a t i o n s  o f  t h e  Orye  
c o n s t a n t s  w i t h  p r e s s u r e  a p p e a r s  q u i t e  s i m p l e  a t  c o n s t a n t  
t e m p e r a t u r e .  The Orye  c o n s t a n t s  we re  w e l l  r e p r e s e n t e d  
by t h e  e q u a t i o n  : .
A o r  B = a i  + a 2 P + a 3 P 2
M e a s u r e m e n t s  o f  t h e  c o m p r e s s i b i l i t y  o f  M E K / ^ O  m i x t u r e s  
a t  30,  50 and  7 0 GC show t h a t  t h e  c o m p r e s s i b i l i t y  may be 
e x p r e s s e d  a s  a s e c o n d  o r d e r  p o l y n o m i a l  i n  p r e s s u r e  as  
s u g g e s t e d  by  Hayward  ( 5 4 ) .  The i s o t h e r m a l  c o m p r e s s i b i l i t i e s  
o f  t h e  m i x t u r e s  o b t a i n e d  f r o m  t h e  p o l y n o m i a l s  show t h e  
e x p e c t e d  m in i mu m  a t  l o w  c o n c e n t r a t i o n s  o f  MEK.
The e x c e s s  m o l a r  v o l u m e s  a r e  f o u n d  t o  be f u n c t i o n s  n o t  
o n l y  o f  c o m p o s i t i o n  b u t  a l s o  o f  t e m p e r a t u r e  and p r e s s u r e .
An e x a m i n a t i o n  o f  t h e  s e m i - e m p i r i c a 1 t wo  p a r a m e t e r  s o l u t i o n s  
t o  t h e  G i b b s - D u h e m  e q u a t i o n  has  n o t  y i e l d e d  a v e r s i o n  w h i c h  
can  a d e q u a t e l y  r e p r e s e n t  t h e  v o l u m e t r i c  b e h a v i o u r  o f  t h e  
s y s t e m .  V a r i o u s  f e a t u r e s  o f  t h e  k e t o n e - w a t e r  s y s t e m  g i v e  
r i s e  t o  c o m p l i c a t i o n s ,  s i n c e  a s s u m p t i o n s  made when d e r i v i n g  t h e  
e q u a t i o n s  a r e  no l o n g e r  a p p l i c a b l e .  I t  has been c l e a r l y
shown t h a t  t h e s e  s e m i - e m p i r i c a l  s o l u t i o n s  t o  t h e  G i b b s -  
Duhen e q u a t i o n  a r e  n o t  c a p a b l e  o f  r e p r e s e n t i n g  t h e  
v o l u m e t r i c  b e h a v i o u r  o f  t h e  s y s t e m .  T h u s ,  t h e  hope o f  
d i s c o v e r i n g  a t  l e a s t  one s o l u t i o n ,  a l t h o u g h  t h e o r e t i c a l l y  
i n a p p r o p r i a t e  has  n o t  been f u l f i l l e d ,  f a i l i n g  ev en  t o  
p r o v i d e  a q u a n t i t a t i v e  r e p r e s e n t a t i o n  o f  t h i s  s y s t e m ' s  
b e h a v i o u r .
The q u a s i  c h e m i c a l  t h e o r y  has  g i v e n  r i s e  t o  t w o  
e q u a t i o n s ,  t h e  NRTL and H e i l  e q u a t i o n s ,  w h i c h  a t  l e a s t  
g i v e  a q u a l i t a t i v e  r e p r e s e n t a t i o n  o f  t h e  e x p e r i m e n t a l l y  
o b t a i n e d  d a t a .  To e n a b l e  t h e s e  t w o  e q u a t i o n s  t o  r e p r e s e n t  
t h e  v o l u m e t r i c  d a t a  a t  b o t h  h i g h  and l o w  p r e s s u r e s ,  i t  i s  
n e c e s s a r y  f o r  t h e  p a r a m e t e r s  t o  v a r y  i n  c o m p l e t e l y  d i f f e r e n t  
ways i n  o r d e r  t o  e n a b l e  t h e  e x p e r i m e n t a l  e v i d e n c e  t o  be 
s a t i s f i e d .
I n  c o n c l u s i o n ,  t h e  hope o f  f i n d i n g  a s u i t a b l e  
t w o - p a r a m e t e r  s o l u t i o n  t o  t h e  G ib bs - Du h em  e q u a t i o n  w h i c h  
c o u l d  r e p r e s e n t  q u a n t i t a t i v e l y  t h e  b e h a v i o u r  o f  t h e  M E K - w a t e r  
s y s t e m  has n o t  on t h e  w h o l e  been f u l f i l l e d .  H o w ev e r ,  t h e  
NRTL and  t h e  H e i l  e q u a t i o n s  can r e p r e s e n t  q u a l i t a t i v e l y  t h e  
v o l u m e t r i c  b e h a v i o u r  o f  t h e  s y s t e m .  A l s o  t h e  Orye 
e q u a t i o n  l e n d s  i t s e l f  t o  a f i t t i n g  p r o c e d u r e  w h i c h  e n a b l e s  
e x p e r i m e n t a l  l i q u i d - l i q u i d  e q u i l i b r i u m  d a t a ,  a t  v a r i o u s  
t e m p e r a t u r e s  and p r e s s u r e s ,  t o  be used  t o  p r e d i c t  s i m i l a r  
d a t a  u n d e r  o t h e r  c o n d i t i o n s  o f  t e m p e r a t u r e  and p r e s s u r e .
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APPENDIX I  
F l u s h i n g  o f  a t wo  way v a l v e .
T h i s  s i m p l e  i n i t i a l  e x p e r i m e n t  was p e r f o r m e d  i n  o r d e r  
t o  e s t a b l i s h  t h e  q u a n t i t y  ' o f  a c e t o n e  r e q u i r e d  t o  f l u s h  
away c o m p l e t e l y  t h e  r e m a i n i n g  p r e v i o u s  s a m p l e  o f  m e t h y l  
e t h y l  k e t o n e - w a t e r  f r o m  t h e  v a l v e .
W i t h  t h e  v a l v e  c l o s e d  i t  was f i l l e d  w i t h  d i s t i l l e d  
w a t e r  and t h e n  a 5 m l .  s y r i n g e ,  f i l l e d  w i t h  a c e t o n e ,  was 
c o n n e c t e d  t o  one s i d e  o f  t h e  v a l v e  u s i n g  a s p e c i a l l y  made 
a d a p t o r .  U s i n g  t h e  s y r i n g e ,  0 . 2  m l .  o f  a c e t o n e  a t  a t i m e  
was i n j e c t e d  i n t o  t h e  v a l v e  and t h e  l i q u i d  f o r c e d  o u t  o f  t h e  
o t h e r  s i d e  o f  t h e  v a l v e  was c o l l e c t e d  and a n a l y s e d  on t h e  
gas  c h r o m a t o g r a p h .  T h i s  p r o c e d u r e  was c o n t i n u e d  u n t i l  t h e  
w h o l e  o f  t h e  5 m l .  o f  a c e t o n e  had been  i n j e c t e d .
B e l o w  i s  shown a summary  o f  t h e  r e s u l t s  o b t a i n e d  i n  
t h i s  e x p e r i m e n t .  I t  can be s een  t h a t ,  f o r  p r a c t i c a l  p u r p o s e s  
t h e  w a t e r  i s  r emo v ed  f r o m  t h e  v a l v e  when b e t w e e n  4 and 5 m l .  
o f  a c e t o n e  has  f l o w e d  t h r o u g h  i t .  A g r a p h  o f  t h e s e  r e s u l t s  
i s  p l o t t e d  i n  F i g .  C I - 1 3 .
V o l .  o f  a c e t o n e  i n j e c t e d  
( m l . )
Mean a r e a  u n d e r  
w a t e r  p e a k .
0 . 2 1200
0 . 4 1130
0 . 6 637
0 . 8 86
1 . 0 29
2 . 0 4
3 . 0 "  3
4 . 0 2
5 . 0 0
A t t e n u a t i o n  2 0 0 ;  s a m p l e  s i z e  1 y £ .
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FIGURE ( 1 - 1 )  D e t e r m i n a t i o n  o f  t h e  q u a n t i t y  o f  a c e t o n e  r e q u i r e d  
• f o r  t h e  c o m p l e t e  f l u s h i n g  o f  a t wo  way v a l v e
APPENDIX II.
F l u s h i n g  o f  t h e  c a p i l l a r y  t u b i n g .
I n  o r d e r  t o  o b t a i n  a r e p r e s e n t a t i v e  s a m p l e  o f  t h e  
c o n t e n t s  o f  t h e  s a m p l e  h o l d e r  i t  was n e c e s s a r y  t o  f l u s h  
t h e  r e m a i n s  o f  t h e  p r e v i o u s  s a m p l e  f r o m  t h e  c a p i l l a r y  t u b i n g .  
I n i t i a l l y  i t  was a t t e m p t e d  t o  f i n d  t h i s  q u a n t i t y  e x p e r i m e n t a l l y  
i n  a m a n n e r  v e r y  s i m i l a r  t o  t h a t ,  used  i n  A p p e n d i x  I ,  h o w e v e r ,  
i t  was f o u n d  i m p o s s i b l e  t o  f o r c e  l i q u i d  t h r o u g h  an a p p r e c i a b l e  
l e n g t h  o f  0 . 0 0 0 4 ” d i a m a t e r  b o r e  t u b i n g  u s i n g  a s y r i n g e .  F o r  
t h i s  r e a s o n  t h e  p r o b l e m  was a p p r o a c h e d  t h e o r e t i c a l l y :
Assume l a m i n a r  f l o w  and c o n s t a n t  v i s c o s i t y .  I f  t h e  
c a p i l l a r y  i s  i n i t i a l l y  f u l l  o f  l i q u i d  A,  and has  a b o r e  o f  
2 r Q, a l e n g t h  % a n d ,  f o r  t h e  p u r p o s e  o f  t h i s  a n a l y s i s ,  a 
c o n s t a n t  f l o w  r a t e  q ,  t h e n :
A
q = n r  2 u 
0 2
and u = u [ 1 - ( —- )  3
0
A *
w h e r e :  u = maximum v e l o c i t y  o f  t h e  f l u i d
u = v e l o c i t y  o f  t h e  f l u i d  a t  r a d i u s  r .
I n  t i m e  t ,  t h e  f i r s t  t r a c e  o f  l i q u i d  B a p p e a r s  a t  t h e  
c e n t r e  l i n e  o f  t h e  e x i t  o f  t h e  c a p i l l a r y ,  t h e n
t i = £ / u
and a t  t i m e  t > t j ,  t h e  r a d i u s  o f  t h e  A / B  i n t e r f a c e ,  r ^  w i l l  
be g i v e n  b y :
A p  2
u c i - t - i )  ] =  4
r o r  ■
b u t  t  = Q / q ,  w h e r e  Q i s  t h e  v o l u m e  o f  f l u i d  t a k e n  o f f
— A
( 0  = 7rr 2 u = it r 2 u)  o o o
-  r l  f r i *  dq 
so u C l - 1 — ) ] -  - 1 -  ~2Q
O'
i . e .  r .  2 -i Trr 2 l  
( _ i )  = 1 "
r  J 2Qo
Now a t  t h e  t i m e  when t h e  i n t e r f a c e  a t  t h e  e x i t  i s  a t  
r .  , t h e  v o l u m e  f l o w r a t e  o f  B i s :i
r .  /v 2 ^ r . 2 r . k
1 u [ l - ( £  ) 1 2Trr d r  = 2 t t  u )
o o 4 o 2
and  t h e  t o t a l  v o l u m e  f l o w r a t e  i s :
r  .
°  *  -p 2 _ ^  |
u [ l - ( — ) ]  2 i r r  d r  = 2tt u — o . r  < - 4o
So t h e  i n s t a n t a n e o u s  c o n c e n t r a t i o n  o f  B
= v o l u m e  f l o w r a t e  o f  B 
t o t a l  v o l u m e  f l o w r a t e
= r . 2 r .  2
—  [ 2 -C— ) ]
r  2 r oo
( 1-Tr r  2£ ) ( l  + 7rr 2&) o o
20 20
1-  ( 7r r o 2&) 2
= x ( s a y )
So ,  t o  g e t  an i n s t a n t a n e o u s  c o m p o s i t i o n ,  x ,  one n ee ds  t o  
r e j e c t  a v o l u m e :
0 = 7rr 2Z o ,
T T T ^ ) 5
S e l e c t i n g  t y p i c a l  v a l u e s  f o r  t h e  a p p a r a t u s  u s e d ,  n a m e l y  
r Q = 0 . 0 0 5 1  cm and  J£=50cm, and a s s u m i n g  t h a t  t h e  r e q u i r e d  
p u r i t y  o f  f l u i d  B i s  99%, t h e n  t h e  n e c e s s a r y  q u a n t i t y  o f  f l u i d
t o  be r emo v ed  f r o m  t h e  c a p i l l a r y  i s  f o u n d  by s u b s t i t u t i o n  
i n t o  t h e  a b o ve  e q u a t i o n :
0 =. 7T x 26 x 10 6 x 50 = 0 . 0 2  m l .
2 x 0 . 1
T h e r e f o r e ,  b e f o r e  t a k i n g  each  new s a m p l e ,  t h e  c a p i l l a r y  was 
f l u s h e d  w i t h  0 . 5  m l .  f r o m  t h e  s a m p l e  h o l d e r  i n  o r d e r  t o  o b t a i n  
a r e p r e s e n t a t i v e  s a m p l e .  •
APPENDIX III
Accuracy of the Excess Volumes
The e f f e c t  o f  e x p e r i m e n t a l  e r r o r  on t h e  e x c e s s  v o l u m e  
o f  m i x i n g  i s  e s t i m a t e d  b e l o w .  A r e g i o n  o f  p a r t i c u l a r  i n ­
t e r e s t  i s  a t  c o m p o s i t i o n s  a r o u n d  5% b y . w e i g h t  o f  NEK as 
i t  i s  a t  a r o u n d  t h i s  c o m p o s i t i o n  t h a t  a s m a l l  maximum i n  
t h e  c u r v e  o f  v ^  v e r s u s  c o m p o s i t i o n  a p p e a r s  t o  o c c u r .  The 
e s t i m a t e  o f  t h e  s t a n d a r d  e r r o r  i n  v ^  i s  t h e r e f o r e  a g u i d e  
as t o  how much c r e d e n c e  t o  p l a c e  on t h e  e x i s t e n c e  o f  t h i s  
a p p a r e n t  max imum.
I n  a r r i v i n g  a t  an e s t i m a t e  o f  t h e  s t a n d a r d  e r r o r  o f  
vE,  t h e  g e n e r a l  f o r m u l a  f o r  t h e  p r o p a g a t i o n  o f  e r r o r ,
( A y ) 2 = I  C l f - A x , ) 2 ( I I I - l )
i  = 1 i
was a p p l i e d  w h e r e  y = y C x ^ , X 2 * . . - x n )
X i  = an e x p e r i m e n t a l  v a r i a b l e  C i = l  t o  n)
Ax^  = t h e  s t a n d a r d  e r r o r  a s s o c i a t e d  w i t h
v a r i a b l e  i
Ay = t h e  s t a n d a r d  e r r o r  on y
T a b l e  I I I - l  l i s t s  t h e  r e l e v a n t  e x p e r i m e n t a l  v a r i a b l e s
and t h e i r  e s t i m a t e d  s t a n d a r d  e r r o r s  w h i c h  w e r e  t a k e n  i n t o  
a c c o u n t  i n  c a l c u l a t i n g  t h e  s t a n d a r d  e r r o r  on v ^  m e a s u r e d  
a t  a m o le  f r a c t i o n  o f  NEK o f  0 . 0 1 3  a t  50°C and 2 0 , 0 0 0  p s i .
ETABLE I I I - l  E x p e r i m e n t a l  E r r o r s  i n  v
INTERMEDIATE VARIABLE RELATED EXPERIMENTAL VARIABLE ERROR
Molar composition 
of test mixture
Mass of flask 65g 
Mass of flask + ketone 7Qg 
Mass of flask + ketone + water 170g
B5xl0"4g
70xl0"4g
170xl0~4g
Density of water From tables ' 10_4g/cc
Density of solutions
Mass of pyknometer
Mass of pyknometer + solution 45g
20X10_4g 
45x 10“4g
Compressibility
Volume of sample 50cc 
Volume change of sample 2cc 
Pressure charge 20000psi
0.02cc 
0.02cc 
200psi
When t h e  c o m b i n e d  e f f e c t  o f  t h e s e  e r r o r s  i s  a l l o w e d  
f o r  i n  e q u a t i o n  I I I - l  t h e  r e s u l t i n g  v a l u e  o f  t h e  s t a n d a r d  
e r r o r  on v ^  i s  e s t i m a t e d  t o  be 0 . 0 5 c c  p e r  m o l e .  I t  can  
t h e r e f o r e  be c o n c l u d e d  t h a t  t h e  f e a t u r e s  o f  t h e  v e r s u s
x c u r v e s  g i y e n  i n  t h i s  w o r k  a r e  g e n e r a l l y  c o r r e c t ,  t h o u g h
Appendix IV Presentation of Compressibility data.
C h o i c e  o f  P o l y n o m i a l  O r d e r .
B e l o w  a r e  l i s t e d  t h e  e x p e r i m e n t a l l y  o b t a i n e d  
c o m p r e s s i b i l i t y  d a t a  f o r  M . E . K .  w a t e r  and t h e i r  m i x t u r e s  
a t  v a r i o u s  t e m p e r a t u r e s  and p r e s s u r e s .  A l s o  a r e  l i s t e d  t h e  
v a l u e s  p r e d i c t e d  f r o m  3 r d  and  4 t h  o r d e r  p o l y n o m i a l s  f i t t e d  
t o  t h e  e x p e r i m e n t a l l y  o b t a i n e d  p o i n t s .  I t  can be s een  t h a t  
t h e  e f f e e t  o f  a d d i n g  t h e  f o u r t h  t e r m  t o  t h e  p o l y n o m i a l  i s  
t o  a l t e r  t h e  v a l u e  o f  t h e  c o m p r e s s i b i l i t y  a t  t h e  t h i r d  o r  
f o u r t h  d e c i m a l  p l a c e .  S i n c e  i t  has been shown p r e v i o u s l y  
i n  A p p e n d i x  ( I I I )  t h a t  t h e  maximum e r r o r  i n  t h e  e x p e r i m e n t a l l y  
o b t a i n e d  v a l u e s  can a f f e c t  t h e  t h i r d  d e c i m a l  p l a c e ,  o n l y  a 
t h i r d  o r d e r  p o l y n o m i a l  was c h o s e n  t o  r e p r e s e n t  t h e  
e x p e r i m e n t a l l y  o b t a i n e d  v a l u e s .
System Temp(GC) Pressure(psi) Experimental from 3rd from 4th
Compressibility order poly order po
W a t e r  30
50
70
5% NEK 30
1 4 . 7  
5000
10000
15000
20000
250 00
1 4 . 7  
5000
10000
15000
20000
25000
30000
1 4 . 7  
5000
10000
15000
19300
25000
30000
1 4 . 7  
5000
10000
15000
20000
25000
30000
1 . 0 0 0 0  
0 . 9 8 7 9  
0 . 9 7 4 0  
0 . 9 6 4 2  
0 . 9 4 2 0  
0 . 9 4 1 2
1 . 0 0 0 0
0 . 9 8 7 4
0 . 9 6 2 4
0 . 9 5 2 4
0 . 9 4 1 6
0 . 9 3 3 6
1 . 0 0 0 0  
0 . 9 8 8 4  
0 . 9 7 6 2  
0 . 9 6 3 3  
0 . 9 5 4 0  
0 . 9 4 2 5  
0 . 9 3 2 5
1 . 0 0 0 0  
0 . 9 8 9 0  
0 . 9 7 6 3  
0 . 9 6 6 5  
0 . 9 5 8 0  
0 . 9 5 2 3  
0 . 9 4 6 3
1 . 0 0 0 0  
0 . 9 8 7 4  
0 . 9 7 5 1  
0 . 9 6 3 4
0 . 9 4 2 7
0 . 9 4 1 3
1 . 0 0 0 3
0 . 9 8 7 0
0 . 9 6 1 9  
0 . 9 5 2 2  
0 . 9 4 2 3  
0 . 9 3 3 2
1 . 0 0 0 5  
0 . 9 8 7 8  
0 . 9 7 6 2  
0 . 9 6 3 9  
0 . 9 5 4 4  
0 . 9 4 2 3  
0 . 9 3 2 4
1 . 0 0 0 0  
0 . 9 8 8 0  
0 . 9 7 7 1  
0 . 9 6 7 3  
0 . 9 5 8 7  
0 . 9 5 1 2  
0 . 9 4 4 8
1.0002 
0 . 9 6 7 1  
0 . 9 7 5 1  
0 . 9 6 3 7
0 . 9 4 2 2
0 . 9 4 1 3
0 . 9 9 9 9  
0 . 9 8 7 5
0 . 9 6 1 8  
0 . 9 5 2 1  
0 . 9 4 2 0  
0 . 9 3 3 5
1.0002 
0 . 9 8 8 1  
0 . 9 7 5 9  
0 . 9 6 3 9  
0 . 9 5 4 1  
0 . 9 4 2 0  
0 . 9 3 2 7
1 . 0 0 0 7  
0 . 9 8 7 6  
0 . 9 7 6 4  
0 . 9 6 7 0  
0 . 9 5 9 0  
0 . 9 5 1 8  
0 . 9 4 5 3
System Temp(°C)
5% NEK 50
70
10% NEK 30
Experimental from 3rd from
Compressibility order poly order
Pressure(psi)
1 4 . 7  
5000
10100
15000
20000
250 00
30000
1 4 . 7  
5000
10000
15000
20000
25000
30000
1 4 . 7  
5000
10000
15000
20000
25000
30000
1 4 . 7  
5000
10000
15000
20000
30000
1 . 0 0 0 0
0 . 9 8 9 2
0 . 9 7 5 9
0 . 9 6 4 7
0 . 9 5 4 6
0 . 9 4 5 2
0 . 9 3 6 8
1 . 0 0 0 0  
0 . 9 8 8 2  
0 . 9 7 5 7  
0 . 9 6 5 0  
0 . 9 5 4 6  
0 . 9 4 5 2  
0 . 9 3 6 2
1 . 0 0 0 0  
0 . 9 8 8 5  
0 . 9 7 5 3  
0 . 9 6 4 5  
0 . 9 5 5 0  
0 . 9 5 1 6  
0 .94.45
1 . 0 0 0 0
0 . 9 8 8 6
0 . 9 7 2 8
0 . 9 6 2 3
0 . 9 5 1 9
0 . 9 3 4 1
1 . 0 0 0 5  
0 . 9 8 8 1  
0 . 9 7 6 1  
0 . 9 6 5 3  
. 0 . 9 5 4 9  
0 . 9 4 5 1  
0 . 9 3 6 0
1 . 0 0 0 3  
0 . 9 8 7 7  
0 . 9 7 5 9  
0 . 9 6 4 9  
0 . 9 5 4 6  
0 . 9 4 5 1  
0 . 9 3 6 4
0 . 9 9 9 6
0 . 9 8 7 5
0 . 9 7 6 5
0 . 9 6 6 5
0 . 9 5 4 4
0 . 9 4 9 9
0 . 9 4 3 1
0 . 9 9 9 7
0 . 9 8 8 2
0 . 9 7 3 6
0 . 9 6 2 1
0 . 9 5 1 6
0 . 9 3 3 9
4 t h  
p o l y
1 . 0 0 0 5  
0 . 9 8 8 1  
0 . 9 7 6 1  
0 . 9 6 5 2  
0 . 9 5 4 9  
0 . 9 4 5 2  
0 . 9 3 6 1
1.0001 
0 . 9 8 7 8  
0 . 9 7 6 0  
0 . 9 6  50 
0 . 9 5 4 6  
0 . 9 4 5 1  
0 . 9 3 6 3
1 . 0 0 0 6  
0 . 9 8 7 0  
0 . 9 7 5 6  
0 . 9 6 5 9  
0 . 9 5 4 2  
0 . 9 5 0 5  
0 . 9 4 4 1
0 . 9 9 9 9
0 . 9 8 9 1
0 . 9 7 3 2
0 . 9 6 1 9
0 . 9 5 1 7
0 . 9 3 4 1
System Temp( C) PressureCpsi) Experimental from 3rd from 4th
Compressibility order poly order poly
10% NEK 70 1 4 . 7
5000
10000
15000
20000
250 00
30000
1 . 0 0 0 0  
0 . 9 8 6 3  
0 . 9 6 7 5  
0 . 9 6 2 9  
0 . 9 5 1 2  
0 . 9 4 1 1  
0 . 9 3 2 1
1 . 0 0 0 0  
0 . 9 8 6 6  
0 . 9 6 7 0  
0 . 9 6 2 2  
0 . 9 5 1 4  
0 . 9 4 1 4  
0 . 9 3 2 3
0 .  9998 
0 . 9 8 6 7  
0 . 9 6 7 2  
0 . 9 6 2 4  
0 . 9 5 1 4  
0 . 9 4 1 3  
0 . 9 3 2 1
15% NEK 30 1 4 . 7
5000
10000
15000
20000
25000
30000
.1.0000 
0 . 9 8 7 9  
0 . 9 7 5 9  
0 . 9 6 5 2  
0 . 9 5 7 3  
0 . 9 4 9 4  
0 . 9 4 0 8
0 . 9 9 9 6  
0 . 9 8 7 7  
0 . 9 7 6 6  
0 . 9 6 6 3  
0 . 9 5 6 9  
0 . 9 4 8 2  
0 . 9 4 0 4
1 . 0 0 0 3  
0 . 9 8 7 2  
0 . 9 7 5 9  
0 . 9 6 6 0  
0 . 9 5 7 2  
0 . 9 4 8 9  
0 . 9 4 0 9
50 1 4 . 7
5000
10000
15000
20000
250 00
30000
1 . 0 0 0 0
0 . 9 8 6 0
0 . 9 7 3 7
0 . 9 6 2 1
0 . 9 4 7 1
0 . 9 4 1 0
0 . 9 3 2 8
0 . 9 9 9 8  
0 . 9 8 6 3  
0 . 9 7 3 7  
0 . 9 6 2 0  
0 . 9 4 7 0  
0 . 9 4 1 3  
0 . 9 3 2 3
0 . 9 9 9 9  
0 . 9 8 6 2  
0 . 9 7 3 6  
0 . 9 6 1 9  
0 . 9 4 7 2  
0 . 9 4 1 4  
0 . 9 3 2 4
70 1 4 . 7
5000
10000
15000
20000
25000
30000
1 . 0 0 0 0
0 . 9 8 6 8
0 . 9 7 2 7
0 . 9 6 0 9
0 . 9 4 9 7
0 . 9 3 9 3  
0 . 9 2 9 2
1 . 0 0 0 3
0 . 9 8 6 2
0 . 9 7 3 1
0 . 9 6 0 8
0 . 9 4 9 5
0 . 9 3 9 1  
0 . 9 2 9 7
1.0001
0 . 9 8 6 3
0 . 9 7 3 2
0 . 9 6 0 9
0 . 9 4 9 5
0 . 9 3 9 0  
0 . 9 2 9 5
System Temp(QC)
. 91% MEK 30
50
70
94% MEK 30
Experimental from 3rd
Compressibility order poly
Pressure C psi)
1 4 . 7  
5000
10000 
15000 
20000 .
25000  
30000
1 4 . 7  
5000
10000 
15000 
20000  
25000  
30000
1 4 . 7  
50000  
10000 
15000 
20000  
25000  
30000
1 4 . 7
5000
10000
15000
200 00  
25000  
30000
1 . 0 0 0 0
0 . 9 7 8 6
0 . 9 5 8 0
0 . 9 4 1 8
0 . 9 2 9 0
0 . 9 1 9 9
0 . 9 1 1 9
1 . 0 0 0 0
0 . 9 7 4 8
0 . 9 5 2 9
0 . 9 3 4 6
0 . 9 1 8 2
0 . 9 0 4 3
0 . 8 9 2 8
1 . 0 0 0 0  
0 . 9 6 9 1  
0 . 9 4 5 8  
0 . 9 2 7 3  
0 . 9 1 1 2  
0 . 8 9 9 1  
0 . 8 9 2 7
1 . 0 0 0 0
0 . 9 7 6 2
0 . 9 5 5 9
0 . 9 3 9 4
0 . 9 2 6 3
0 . 9 1 6 7
0 . 9 0 5 3
1 . 0 0 0 0
0 . 9 7 7 9
0 . 9 5 8 7
0 . 9 4 2 4
0 . 9 2 9 2
0 . 9 1 8 9
0 . 9 1 1 6
0 . 9 9 9 1
0 . 9 7 5 3
0 . 9 5 3 9
0 . 9 3 4 8
0 . 9 1 8 2
0 . 9 0 3 9
0 . 8 9 2 0
0.  9991-
0 . 9 7 0 5
0 . 9 4 5 8
0 . 9 2 6 3
0 . 9 1 0 7
0 . 8 9 9 6
0 . 8 9 2 8
0 . 9 9 6 9  
0 . 9 7 7 2  
0 . 9 5 9 0  
0 . 9 4 2 3
0 . 9 2 7 1
0 . 9 1 3 5  
0 . 9 0 1 4
f r o m  4 t h  
o r d e r  p o l y
1 . 0 0 0 4
0 . 9 7 7 6
0 . 9 5 8 3
0 . 9 4 2 3
0 . 9 2 9 3
0 . 9 1 9 3
0 . 9 1 1 9
0 . 9 9 9 9  
0 . 9 7 4 9  
0 . 9 5 3 1  
0 . 9 3 4 3  
0 . 9 1 8 2  
0 . 9 0 4 4  
0 . 8 9 2 8
0 . 9 9 9 6  
0 . 9 7 0 1  
0 . 9 4 6 2  
0 . 9 2 6 3  
0 . 9 1 1 2  
0 . 9 0 0 0  
0 . 8 9 2 3
1 . 0 0 0 4
0 . 9 7 5 5
0 . 9 5 5 7
0 . 9 4 0 0
0 . 9 2 7 1
0 . 9 1 5 7  
0 . 9 0 4 6
System TempC C) Pressure(psi) Experimental from 3rd from 4th
Compressibility order poly order poly
91% MEK 30 1 4 . 7
5000
10000
15000
20000
2 50 00
30000
1 . 0 0 0 0
0 . 9 7 1 7
0 . 9 4 9 4
0 . 9 2 9 8
0 . 9 1 4 3
0 . 9 0 2 5
0 . 8 8 9 0
0 . 9 9 7 5  
0 . 9 7 3 2  
0 . 9 5 1 3  
0 . 9 3 1 7  
0 . 9 1 4 5  
0. -899 7 
0 . 8 8 7 3
0 . 9 9 9 8
0 . 9 7 2 1
0 . 9 4 9 1
0 . 9 3 0 2
0 . 9 1 4 5
0 . 9 0 1 2
0 . 8 8 9 5
70 1 4 . 7
5000
10000
15000
20000
25000
30000
1 . 0 0 0 0  
0 . 9 6 8 6  
0 . 9 4 0 8  
0 . 9 1 9 0  
0 . 9 0 3 1  
0 . 8 8 9 6  
0 . 8 7 8 0
0 . 9 9 7 3
0 . 9 6 9 1
0 . 9 4 3 9
0 . 9 2 1 9
0 . 9 0 3 0
0 . 8 8 7 3
0 . 8 7 4 7
1.PPP5
0 . 9 6 7 5
0 . 9 4 1 0
0 . 9 1 9 9
0 . 9 0 3 0
0 . 8 8 9 4
0 . 8 7 7 7
97% MEK 30 14.  7 
5000 
10000 
15000 
20000 
25000  
30000
1 . 0 0 0 0
0 . 9 7 6 0
0 . 9 5 3 7
0 . 9 3 5 5
0 . 9 2 2 4
0 . 9 1 1 4
0 . 9 0 2 8
0 . 9 9 9 5  
0 . 9 7 5 6  
0 . 9 5 4 7  
0 . 9 3 6 8  
0 . 9 2 2 0  
0 . 9 1 0 3  
0 . 9 0 1 6
1 . 0 0 0 5  
0 . 9 7 4 9  
0 . 9 5 3 7  
0 . 9 3 6 4  
0 . 9 2 2 4  
0 . 9 1 1 2  
0 . 9 0 2 3
50 1 4 . 7
5000
10000
15000
20000
25000
30000
1 . 0 0 0 0
0 . 9 7 0 5
0 . 9 4 7 0
0 . 9 2 6 6
0 . 9 1 0 8  
0 . 8 9 7 0  
0 . 8 8 5 3
0 . 9 9 7 4
0 . 9 7 2 0
0 . 9 4 9 0
0 . 9 2 8 6
0 . 9 1 0 7
0 . 8 9 5 4
0 . 8 8 2 7
0 . 9 9 9 9
0 . 9 7 0 7
0 . 9 4 6 6
0 . 9 2 6 9
0 . 9 1 0 7
0 . 8 9 7 1
0 . 8 8 5 1
System TempC C) Pressure(psi) Experimental from 3rd from 4th
Compresibility order poly order poly
97% MEK 70 1 4 . 7
5000
10000
15000
20000
25000
30000
1 . 0 0 0 0
0 . 9 6 5 2
0 . 9 3 8 5
0 . 9 1 3 4
0 . 8 9 4 5
0 . 8 8 0 0
0 . 8 7 7 1
0 . 9 9 7 5
0 . 9 6 6 6
0 . 9 3 9 4
0 . 9 1 6 0
0 . 8 9 6 3
0 . 8 8 0 4
0 . 8 6 8 3
1 . 0 0 0 5  
0 . 9 6 5 1  
0 . 9 3 6  5 
0 . 9 1 4 0  
0 . 8 9 6 3  
0 . 8 8 2 4  
0 . 8 7 1 2
MEK 30 1 4 . 7
5000
9900
14300
22600
27000
1 . 0 0 0 0  
0 . 9 6 7 0  
0 . 9 4 1 1  
0 . 9 2 3 2  
0 . 8 9 6 6  
0 . 8 8 9 8
0 . 9 9 9 3
0 . 9 6 7 6
0 . 9 4 2 1
0 . 9 2 4 1
0 . 9 0 2 8
0 . 8 9 8 1
1.0002
0 . 9 6 6 3
0 . 9 4 1 7
0 . 9 2 3 8
0 . 9 0 4 9
0 . 8 9 6 7
50
70
1 4 . 7  
5000 
9700
14700
19600
24800
1 4 . 7  
4900 
9800
15000
19900
25000
30000
1 . 0 0 0 0
0 . 9 6 6 2
0 . 9 3 7 5
0 . 9 1 3 9
0 . 8 9 6 5
0 . 8 8 4 2
1 . 0 0 0 0  
0 . 9 6 4 7  
0 . 9 3 2 7  
0 . 9 0 5 9  
0 . 8 8 8 1  
0 . 8 7 2 3  
0 . 8 5 8 ]
1 . 0 0 0 4  
0 . 9 6  54 
0 . 9 3 7 8  
0 . 9 1 4 1  
0 . 8 9 6 6  
0 . 8 8 4 1
0 . 9 9 3 0  
0 . 9 5 9 3  
0 . 9 3 0 2  
0 . 9 0 4 6  
0 . 8 8 5 4  
0 . 8 7 0 5  
0 . 8 6 0 8
1.0001  
0 . 9 6 5 7  
0 . 9 3 8 0  
0 . 9 1 3 9  
0 . 8 9 6 2  
0 . 8 8 5 3
0 . 9 9 7 0  
0 . 9 5 5 4  
0 . 9 2 6 1  
0 . 9 0 4 6  
0 . 8 8 9 4  
0 . 8 7 4 5  
0 . 8 5 6 8
Appendix V
T a b l e s  o f  R e s u l t s .
TABLE (5-1) SG.& density of MEK/H20 mixtures
T e m p e r a t u r e
°c
wt% S p e c i f i c  G r a v i t y D e n s i t y  
g m / m l .
30°C 5 . 0 6 6 0 . 9 9 2 9 0 . 9 8 8 6
1 0 . 0 2 5 0 . 9 8 6 5 0 . 9 8 2 2
' 1 5 . 1 9 0 0 . 9 8 0 2 0 . 9 7 6 0
9 1 . 0 2 2 0 . 8 1 9 7 0 . 8 1 6 2
9 4 . 0 9 2 0 . 8 1 2 2 0 . 8 0 8 7
9 7 . 1 2 9 • 0 . 8 0 5 6 0 . 8 0 2 1
1 0 0 . 0 0 0 0 . 7 9 7 8 0 . 7 9 4 4
50°C 5 . 0 6 6 0 . 9 9 2 3 0 . 9 8 0 5
1 0 . 0 2 5 0 . 9 6 4 9 0 . 9 7 3 2
1 5 . 1 9 0 0 . 9 7 6 8 0 . 9 6 5 1
9 1 . 0 2 2 0 . 8 0 4 9 0 . 7 9 5 3
9 4 . 0 9 2 0 . 7 9 6 6 0 . 7 8 7 1
9 7 . 1 2 9 0 . 7 9 0 2 . 0 . 7 8 0 7
1 0 0 . 0 0 0 0 . 7 8 2 1 0 . 7 7 2 8
70°C 5 . 0 6 6 0 . 9 9 0 5 0 . 9 6 8 5
1 0 . 0 2 5 0 . 9 8 1 3 0 . 9 5 9 5
1 5 . 1 9 0 0 . 9 7 1 8 0 . 9 5 0 2
9 1 . 0 2 2 0 . 7 8 9 6 0 . 7 7 2 1
9 4 . 0 9 2 0 . 7 8 0 2 0 . 7 6 2 9
9 7 . 1 2 9 0 . 7 7 2 6 • 0 . 7 5 5 5
1 0 0 . 0 0 0 0 . 7 6 5 6 0 . 7 4 8 6
TABLE ( 5 - 2 )  SG. £ d e n s i t y  o f  lv}EK/H20 m i x t u r e s  g 2 1 . 5 ° C .
T e m p e r a t u r e
° c
wt% S p e c i f i c
G r a v i t y
D e n s i t y  
g m / m l .
2 1 . 5 4 . 6 0 5 0 . 9 9 3 0 0 . 9 9 1 8
1 3 . 4 4 4 0 . 9 8 1 1 0 . 9 7 9 9
1 3 . 2 2 2 0 . 9 8 3 8 0 . 9 8 2 6
2 3 . 3 4 2 0 . 9 6 8 1 0 . 9 6 6 9
1 1 . 9 0 3 0 . 9 8 2 4 0 . 9 8 1 2
8 7 . 9 7 0 0 . 8 2 8 0 0 . 8 2 8 8
9 2 . 0 7 4 0 . 8 2 3 2 0 . 8 1 2 2
9 6 . 8 5 6 • 0 . 8 1 1 8 0 . 8 2 7 0
TABLE ( 5 - 3 )  V o l u m e t r i c  d a t a  o f  NEK/ H20 m i x t u r e s  § 2 1 . 5 ° C
T e m p e r a t u r e
° c
Mo l e  f r a c t i o n A c t u a l  V o l .  
m l .
I d e a l  Vo! 
m l .
. a v e
m l / m o l e
2 1 . 5 0 . 0 1 1 9 1 8 . 7 9 6 5 1 8 . 8 9 6 8 " 0 . 1 0 0 3
0 . 0 3 7 4 2 0 . 4 2 7 3 2 0 . 7 2 3 0 " 0 . 2 9 5 7
0 . 0 3 6 7 2 0 . 3 7 8 9 2 0 . 6 7 3 5 " 0 . 3 1 9 5
0 . 0 7 0 7 2 2 . 5 9 2 7 2 3 . 1 1 6 2 “ 0 . 5 2 3 5
0 . 0 3 2 7 2 0 . 1 6 6 0 2 0 . 3 8 5 6 " 0 . 2 4 4 2
0 . 8 8 5 0 8 1 . 2 7 2 2 8 1 . 5 7 0 0 " 0 . 2 9 2 8
0 . 7 4 3 8 7 0 . 8 5 5 6 7 1 . 4 3 0 0 " 0 . 5 7 4 5
0 . 6 4 6 3 6 4 . 0 6 7 4 6 4 . 4 3 2 7 " 0 . 4 4 2 7
TABLE (5-4)
M e t h y l  e t h y l  K e t o n e / w a t e r  L i q u i d - L i q u i d  E q u i l i b r i u m  Da t a
a t  A t m o s p h e r i c  P r e s s u r e .
T e m p e r a t u r e
°C
X i
w t . %
X 2 
w t . %
2 5 . 0 2 5 . 4 3 8 9 . 1 8
3 9 . 7 2 0 . 0 5 8 8 . 4 0
5 5 . 0 1 7 . 8 4 8 7 . 8 0
6 9 . 5 1 7 . 0 2 8 6 . 5 0
8 1 . 0 1 7 . 2 2 8 4 . 1 9
1 0 0 . 0 19.  50 7 9 . 8 2
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Coefficients for the polynomials to represent the
v an L a a r ,  N R T L ( a = 0 . 3 ) ,  H e i l  and- O ry e  c o n s t a n t s  a t  
v a r i o u s  t e m p e r a t u r e s  and 1 a t m .
P a r a m e t e r a 1 o
van  L a a r  A - 7 . 3 1 3 0
v an  L a a r  B - 1 . 3 3 2 3
NRTL( ot = 0 .  3)  A 1 1 0 0 0 . 4 1
N R T L ( a = 0 . 3 )  B - 1 3 4 0 6 . 3 1  
H e i l  A - 9 4 5 7 . 0 3
H e i l  B - 5 5 2 8 . 6 6 '
O ry e  A - 1 6 7 6 . 8 2
O r y e  B 4 8 3 4 . 4 6
a i i
6 . 0 1 4 2 x l 0 " 2 
2 . 1 9 5 1 x 1 0 "  2 
6 9 . 1 1 2 0 7  
1 0 3 . 5 3 6 9  
4 8 . 5 9 9 3  
5 1 . 7 3 5 7  
- 2 . 4 5 0 2  
5 2 . 2 6 8 9
a l 2
- 8 . 5 2 2 2 x 1 0 "
- 3 . 9 1 5 8 x 1 0 "
- 0 . 0 3 6 9 0
■0 . 1766 5
• 0 . 0 5 4 2 5
• 0 . 0 7 5 0 6
4 . 7 3 6 9 9 x 1 0
0 . 0 7 1 5 1
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TABLE (5-9) Compressibility of MEK, H 2Q & their mixtures at 30°C.
MEK Water
Pressure
(psi) Comp.
Pressure
(psi) Comp.
5000 0.9670 5000 0.9879
9900 0.9411 10000 0.9740
14300 0.9232 15000 0.9642
22600 0.9052 20000 0.9420
27000 0.8966 25000 0.9412
30000 0.8898 30000
5% MEK 10% MEK 15% MEK
Pressure
(psi; Comp.
Pressure
(psi) Comp.
Pressure
.....(.psi) Comp.
5000 0.9890 5000 0.9885 5000 0.9879
10000 0.9763 10000 0.9753 10000 0.9759
15000 0.9665 15000 . 0.9645 15000 0.9652
20000 0.9580 20500 0.9550 20000 0.9573
25000 0.9523 25000 0.9516 25000 0.9494 j
30000 0.9463 30000 0.9445 30000 0.9408 !1i
91% MEK 94% MEK 97% MEK
Pressure
(psi) Comp.
Pressure
(psi) Comp.
Pressure
(psi)
Comp.
5000 0.9786 5000 0.9762 5000 0.9760
10000 0.9580 10000 0.9559 10000 0.9537
15000 0.9418 15000 0.9394 15000 0.9355
20000 0.9290 20000 0.9263 20000 0.9224
25000 0.9199 '25000 0.9167 25000 0.9114
30000 0.9119 30000 0.9053 30000 0.9028
TABLE (5-10) Compressibility of MEK, H 20 & their mixtures at 50"C.
MEK
Pressure
(psi)
Comp.
5000 0.9662
9700 0.9375
14700 0.9139
19600 0.8965
24800 0.8842
30000 0.8767
Water
Pressure Comp.
(psi)
■ 5000 0.9874
12500 0.9683
15000 0.9624
20000 0.9524
25000 0.9416
30000 0.9336 j
5% MEK 10% MEK 15% MEK
Pressure
(psi) Comp.
Pressure
(psi) Comp.
Pressure 
(psi) .
Comp.
5000
10100
15000
20000
25000
30000
0.9892
0.9759
0.9647
0.9546
0.9452
0.9368
5000
10000
15000
20000
25000
30000
0.9886
0.9728
0.9623
0.9519
0.9422
0.9341
5000
10000
15000
20000
25000
30000
0.9860 
0.9737 
0.9621 
0. 9471 
0.9410 
0.9328
91% MEK 94% MEK 97% MEK
Pressure
(psi) Comp.
Pressure
(psi) Comp.
Pressure
(psi) Comp.
5000 0.9748 5000 0.9717 5000 0.9705
10000 0.9529 10000 0.9494 10000 0.9470
15000 0.9346 15000 0.9298 15000 0,9266
20000 0.9182 20000 0.9143 20000 0.9108
25000 0.9043 25000 0.9025 25000 0.8970
30000 0.8928 30000 0.8890 30000 0.8853
TABLE (5 - 11) Compressibility of MEK, H 20 and their mixtures
MEK
Pressure
(psi) Comp.
4900 0.9647
9800 0.9327
15000 0.9059
19900 0.8881
25000 0.8723
30000 0.8581
Water
Pressure
(psi) Comp.
5000 0.9884
9900 0.9762
15000 0.9633
19300 0.9540
25000 0.9425
30000 0.9325
5% MEK 10% MEK 15% MEK
Pressure
(psi) Comp.
Pressure
(psi) Comp.
Pressure
(psi) Comp.
5000 0.9882 5000 0.9863 5000 0.9868
10000 0.9757 10000 0.9675 10000 0.9727
15000 0.9650 20000 0.9512 20000 0.9497
20000 0.9650 15000 0.9629 15000 0.9609
25000 0.9452 25000 0.9411 25000 0.9393
30000 0.9362 30000 0.9321 30000 0.9292 i
91% MEK 94% MEK 97% MEK
Pressure
(psi) Comp.
Pressure
(psi) Comp.
Pressure
(psi) Comp.
5000
10000
15000
20000
25000
30000
0.9691
0.9458
0.9273
0.9112
0.8991
0.8927
5000
10000
15000
20000
25000
30000
0.9686
0.9408
0.9190
0.9031
0.8896
0.8780
5000
10000
15000
20000
25000
30000
0.9652 
0.9385 
0.9134 
0.8945 
0.8800 
0.8771
TABLE (5 - 12) Coefficients of the Compressibility polynomial
for MEK, H 2Q and their mixtures at 30 C.50 & 70 C.
Temperature
°C
Composition 
wt% MEK
- aj
. im p *
a 2 
xlO~6
a3 
xlO”11
If.
xlO~16
30 0 1.00025 -2.76588 3.01891
-5.58136
5 1.00074 -2.86902 4.89027 -4.95610
10 1.00064 -2.95903 5.00078 -4.74742
15 1.00036 -2.84687 4.54521 -5.53738
91 1.00049 -4.94123 7.49415
-2.89512
94 1.00046 -5.61268 13.07037 -16.69278
97 1.00059 -5.61667 10.03879 -7.47579
100 1.00033 -7.84376 22.08963 -26.84502
50 0 0.99997 -2.46822 —5.86643
4.74932
5 1.00057 -2.57789 1.54006 -3.64636
10 0.99998 -2.98668 3.32512 -2.29479
15 0.99997 -2.86824 2.38907 -1.12764
91 0.99999 -5.36290 7.14773 -3.95256
94 0.99991 -6.11310 11.43516 -11.08023
97 1.00005 -6.46093 12.38670 -12.08927
100 1.00025 -7.40185 9.55517 5.79395
70 0 1.00019 -2.37431 -9.90492
4.69344
5 1.00019 -2.54447 1.23796 0.48910
10 0.99988 -2.70815 1.26647 0.77184
15 1.00017 -2.84024 1.38399 | 0.77406
91 0.99967 -6.48386 11.54206 -6.20256
94 1.00060 -7.35511 15.42782 -15.22269
97 1.00063 -7.89456 16.31242 -14.59730
100 0.99718 -10.07472 34.06757 -53.60137
■3
TABLE (5-13) Isothermal compressibility of MEK, H 20 and their
mixtures at different pressures and at 30,50 and 70 C.
Temperature
°c
Composition
70
Opsi. Onmnressibilitv x 10 6
10000
psi
20000
psi
30000
psi
30 0 2.766 2.330 2.228 2.462
5 2.869 2.049 1.508 1.272
10 2 . 959 2.101 . 1.528 1.240
15 2.847 2.104 1.693 1.615
91 4.941 3.529 2.291 1.226
94 5.613 3.500 2.388 2.278
97 5.617 3.834 2.499 1.611
100 7.844 4.231 2.230 1.837
I
50 o 2.468- 2.443 2.133 1.890
5 2.578 2.280 2.006 1.751
10 2.987 2.380 1.932 1.611
15 2.868 2.424 2.048 1. 739
91 5.363 4.052 2.978 2.142
94 6.113 4.158 2.869 2.244
97 6.461 4.345 2.957 2.292
100 7.402 5.665 4.275 3.232
70 0 2.374 2.035 2.204 1.512
5 2.544 2.311 1.990 1.669
10 2.708 2.478 2.109 1.740
15 2.840 2.586 2.194 1.801
91 6.484 4.361 2.611 1.232
94 7.355 4.726 3.011 2.208
97 7.895 5.069 3.122 2.048
100 8.383 5.520 3.525 2.394
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